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Summary
Studies to determine the influence of latex addition on the physical and mechanical properties of mortars 
are presented and discussed in the first part of the thesis. Three latices are used in this investigation; 
two styrene-butadiene rubber latices and one acrylic latex.
An extensive Scanning Electron Microscopic (SEM) study has been conducted on the influence of latex 
incorporation on the microstructural characteristics and crack propagation in cement paste and mortar. 
Existing theories of the mechanism of latex reinforcement of cement paste and mortar are investigated 
and reviewed. A satisfactory explanation is drawn between the experimental behaviour of the material 
and the SEM observation.
The effect of various latex additions and curing conditions on the cement hydration in a polymer system 
is examined. A theoretical model for determining the degree of hydration and the physical composition 
of the latex-modified cement paste is produced and is compatible with the experimental results.
The theoretical model of cement hydration in a polymer system is expected to be generally applicable 
to any latex-modified cement paste with any polymer-cement ratio.
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Chapter 1 
Introduction
A Portland cement system (paste, mortar and concrete) is an excellent building material because 
of its compressive strength, its capacity to be cast into different shapes, the ready availability of the raw 
material and its low cost. In recent years, the demands placed on construction materials have greatly 
increased. These materials are now often subjected to severe chemical attack, increased stress levels 
and impact loads. In addition, the use of an ordinary cement system in repair of concrete structures is 
limited because of its relatively low tensile and impact strength, poor resistance to ingress of aggressive 
agents and poor adhesion to old concrete. Therefore, it is becoming increasingly attractive to find 
materials which modify the properties of the cement system without altering its versatility and flexibility 
as a construction material.
Various attempts have been made to improve some of these properties of cement systems by, for 
example, the addition of steel fibres, plastic reinforcing fibres and fillers and, more recently, the 
incorporation of polymer in cement systems.
Polymers may be used to modify the cement system in three particular respects: in adjusting the 
rheology of the plastic mix; in altering the development of strength during the setting or hardening 
process; and in improving the ultimate properties of the hardened cement system.
A polymer-modified cement system is prepared by mixing either a polymer or monomer in a 
dispersed, powdery or liquid form with fresh cement mixtures, and subsequently curing the material. 
If necessary, the monomer contained in the cement system is polymerized in-situ. Polymer-modified 
cement systems can be classified into five basic categories, related to the form in which the polymer or 
monomer is incorporated in the cement system. These classifications are [1.1-1.4]:
(1) Modification with dispersed polymers
The addition of polymers in the form of dispersions (latices) during mixing modifies the
properties of fresh and hardened cement systems. Latices can both strengthen and seal the
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cement systems; they also increase the bond of fresh cement systems to existing surfaces. 
The extent to which these and other properties are modified depends on the latex type, 
polymer-cement ratio, water-cement ratio and the curing regime.
(2) Modification with powdered emulsions
The principle of modification of cement systems with powdered emulsions is almost the 
same as that of latex modification except that it involves the addition of polymer in powdered 
form. Mostly, the powdered emulsions are used by dry mixing with the cement and aggregate 
pre-mixtures, followed by wet mixing then with water. During wet mixing, the powdered 
emulsions are re-emulsified in the modified cement system, and behave in the same manner 
as the latices.
(3) Modification with water-soluble emulsions
In the modification with water-soluble polymers such as cellulose derivatives and polvinyl 
alcohol, small amounts of the polymers are added as powders or aqueous solutions to the 
cement system during mixing. Such modification mainly improves their workability because 
of the surface activity of the water-soluble polymers and prevents the "dry-out" phenomenon 
of the cement system.
The prevention of "dry-out" is interpreted in terms of an increase in the viscosity of the 
water phase in the modified cement system and a sealing effect due to the formation of a 
very thin and water-impervious films. In general, the water-soluble polymers impart 
cohesiveness, water retention, retardation of set and hardly contribute to an improvement 
in strength of the modified cement systems. These enable them to be used in oil-well cement 
slurries which must maintain fluidity at temperatures up to 200°C and pressures as high as 
120 MPa for one or more hours.
(4) Modification with liquid resins
In the modification with liquid thermosetting resins, considerable amounts of polymer 
are added in liquid form to the cement system during mixing. The polymer content of the 
modified cement system generally is higher than that of latex-modified systems. 
Polymerization is initiated in the presence of water to form a polymer phase, and 
simultaneously the cement hydration occu r,. As a result, a co-matrix phase is formed with
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a network structure of interpenetrating polymer and cement hydrated phases, and this binds 
aggregate strongly. Consequently, the strength and other properties of the modified mortar 
or concrete are improved in much the same way as those of the latex-modified systems.
X51 Modification with monomers
The principle of modification of cement systems with monomers is similar to that of 
liquid resin modification but it involves the addition of monomers instead of liquid resins. 
Considerable quantities of monomers are mixed with the cement system, and both 
polymerization and cement hydration occur at the same time during or after curing to make 
a monolithic matrix, which binds aggregate. Generally such a modification has not been 
successful because of the poor properties of the modified systems. The reasons for this are 
the interference with the cement hydration, the degradation of the monomers by alkalis from 
the cement and the difficulty in uniformly dispersing the monomers and other components 
during mixing.
Monomers can be used in a different way to produce a polymer-impregnated cement 
system which is manufactured by first casting a cement system conventionally. After being 
cured, it is impregnated with a monomer system which is subsequently polymerized in-situ.
In the impregnation process the cement system is oven-dried, evacuated, immersed in the 
monomer, and then pressurized. The cement system is then wrapped to minimize loss of 
monomer by evaporation, and the monomer is polymerized either by heating or by irradiation. 
Polymer-impregnated cement systems give improved strength, durability, resistance to 
chemical attack, water absorption, permeability and creep.
While a brief review of these methods of incorporation of polymer or monomer in cement systems 
is necessary for a comprehensive understanding of the subject of this thesis, the thesis is essentially 
devoted to only one method of incorporation of polymers in cement systems. This method is based on 
the addition of polymer systems in the form of latices to the fresh cement system in the mixing process. 
This is possibly the most ideal method of incorporating polymers in cement systems in view of the basic 
simplicity of the method i.e. the polymer can be treated like a conventional admixture in the cement 
system. Applications of latex-modified mortar include: paving and flooring for offices, railway platforms 
and chemical plants; bridge deck covering; water tanks; and as ? hesive material for bonding new mortar 
or concrete to old mortar or concrete.
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A fundamental understanding of the effect of latex on the physical and chemical mechanisms of the 
hydration of cement, and on the mechanical and physical properties of the cement system is not apparent 
from the literature. Also, the relationship between properties of the latex film and the cement system 
has not been extensively studied, and the extent to which a different latex formulation can produce 
different properties is not always clear. The construction industry tends to rely on experimental work 
for each formulation of the latex in order to produce the desired properties of the cement system for 
specific applications.
The main objectives of the research can therefore be summarized as:
(1) To examine the effects of the addition of three latices on a number of cement mortar 
properties.
(2) To investigate any differences in mortar behaviour due to the use of different latices 
and explain the differences in terms of the latex properties.
(3) To study the effect of various latex additions in terms of water-cement ratio, 
polymer-cement ratio and curing regime, on the cement hydration.
(4) To study the effect of latex incorporation on the microstructure and crack 
propagation in cement systems.
(5) To explain the mechanical and physical properties in terms of cement hydration, 
microstructure and latex polymer film properties.
Briefly, the research was mainly restricted to investigate the effects of two types of Styrene-Butadiene 
Rubber (SBR) latices, one acrylic latex and one superplastidzer addition on a number of mortar 
properties, on hydration characteristics and on microstructure.
The mortar properties studied include:
(a) Workability and time of setting of fresh mortar.
(b) Stress-strain relationships in compression and tension and the flexural behaviour.
(c) Effect of temperature on the stress-strain relationship in compression.
(d) Early length changes of the mortar.
(e) Water absorption of the mortar.
-4-
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Nine mixes of mortar were adopted. Some had constant water-cement ratio with varying 
polymer-cement ratio, and thus varied in their workability or consistency, while others had varying 
polymer-cement ratio or superplasticizer-cement ratio and water-cement ratio to produce mortar of 
the same consistency as the plain mortar. In addition to the different mixes, the effect of humid and 
dry curing conditions on the mortar properties were also investigated.
It is hoped that this work will contribute to an overall understanding of the effect of latex on the 
properties of cement systems, both in the fresh state and hardened state, and add to the understanding 
of cement hydration and microstructure in polymer-modified cement systems in relation to compressive 
and tensile stress-strain behaviour and other properties of cement mortars generally.
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Chapter 2 
Literature Review
2J. Introduction
The concept of a polymer cement system is not new, and in 1923 the first patent of the system had 
already been issued by Cresson [2.1]. This patent applied to paving materials with natural rubber latices, 
and in the patent cement was used as a filler. The first patent with the present concept of a polymer 
latex-modified systems was published by Lefebure [2.2] in 1924. He appeared to be the first worker 
who intended to produce a latex-modified mortar and concrete using natural rubber latices by a mix 
proportioning method. Throughout the 1920’s and 1930’s, polymer-modified mortars and concretes 
using natural rubber latices were developed. On the other hand, Bond’s patent [2.3], which for the first 
time suggested the use of synthetic rubber latices for the polymer-modified system, was issued in 1932, 
and Rodwell’s patent [2.4] which first claimed to apply synthetic latices including polyvinyl acetate 
latices, in 1933. The 1930’s, therefore, were a turning point in the use of latices as cement modifiers 
(from the natural rubber latices to the synthetic or resin latices).
In thel940’s, some patents on the latex-modified systems with synthetic latices such as 
polychloroprene rubber (Neoprene) latices [2.5] and polyacrylic ester latices [2.6] were published. 
Also, polyvinyl acetate-modified mortar and concrete were actively developed for practical applications. 
Since the late 1940’s, latex-modified mortars and concretes have been used in various applications such 
as deck coverings for ships and bridges, paving, floorings, anti-corrosives, and adhesives. In the U.K., 
the feasibility studies on the application of the natural rubber-modified systems were conducted by 
Griffiths [2.7] and Stevens [2.8]. In the meanwhile, a strong interest was focussed on the use of the 
synthetic latices in the polymer-modified systems. In 1953, Geist et al [2.9] reported a detailed study 
on polyvinyl acetate-modified mortar, and provided a number of valuable suggestions for the later 
research and development of the polymer-modified systems.
In thel960’s, styrene-butadiene rubber, polyacrylic ester and poly(vinylidene chloride-vinyl 
chloride)-modified mortar and concrete became increasingly used in practical applications.
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Nutt [2.10] developed a system modified with unsaturated polyester resin, in the late 1960’s. The 
system is called "Estercrete" (brand name) and now is commercially available. In 1974, a review of 
polymer-modified systems was written by Riley and R azl/Z ii/ and they concluded that 
polymer-modified mortars and concretes are likely to show continued growth for specialized applications 
such as repair and refurbishing of concrete structures.
Recently, Ohama [2.12, 2.13] has given excellent reviews describing the status of latex-modified 
mortars and concrete. He concluded that latex-modified mortars and concretes employing various 
polymer latices have been widely used as construction materials because of their good performance-cost 
ratio.
&2 Properties of fresh cement systems
2.2.1 Workability
The workability of a cement mix is defined as the ease with which the mix can be worked. The 
workability normally increases with increasing water content but this can also have the effect of reducing 
the strength of the hardened cement system. In practice, therefore, it is normal to use the lowest 
water-cement ratio consistent with adequate workability.
Solomatov/2.74/ found that the workability of latex-modified concrete depends on the latex type. 
The addition of 20% vinyl acetate-dibutyl maleate co-polymer to conventional concrete with 
aggregate-cement ratio 3:1 and water-cement ratio varying from 46% to 50% resulted in concrete so 
fluid that the plasticity of the concrete could not be determined by the slump-cone method.
Ohama et £[2.12, 2.15] investigated the effect of Styrene-Butadiene Rubber (SBR), Polyacrylic 
Ester (PAE) and Polyvinyl Acetate (PVAC) latex addition on the workability of mortar and concrete. 
They found that the flow of the latex-modified mortars and the slump of latex-modified concrete increases 
with increasing water-cement ratio (W/C) and polymer-cement ratio (P/C). The water-cement ratio of 
a typical SBR-modified concrete at a given slump (10mm) is markedly reduced (from 60% to 30%) with 
an increase in polymer-cement ratio from 0% to 20%. The improved workability of latex-modified
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mortar and concrete over conventional cement mortar and concrete was interpreted in terms of improved 
consistency due to the ball-bearing action of the polymer particles and entrained air reducing internal 
friction and the dispersing effect of surfactants in the latices.
Justnes et al [2.16] found that the flow of mortar modified by Methylmethacrylate (MMA) based 
latices in combination with n-butyl acrylate, 2-ethylhexyl acrylate and styrene monomers was sensitive 
to the stabilization system employed in the latices.
In summary, workability of the latex-modified cement system generally increases with the increase 
in polymer-cement ratio and is greatly influenced by the type of polymers and surfactants (stabilization 
system) used in the manufacture of the latices.
2*2x2 Afr entrafnment
It is well known [2.17] that an excessive amount of entrained air in the ordinary cement system 
causes a reduction in the hardened strength, whereas some air entrainment is useful to obtained improved 
workability of the cement system.
Riley and Razl [2.11] have reported that latex incorporation in mortar tends to cause foaming of 
the wet mix, and so an anti-foaming agent such as "silicone oil" should be added.
Kreijger [2.18] reported that the addition of latex, such as polyvinyl acetate, acrylic and SBR in 
mortar, generally entrained a larger quantity of air than ordinary mortar of same workability. The 
quantity of air could be decreased slightly by using certain anti-foaming agents.
Ohama [2.12] found that the air content of SBR, PAE, and PVAC latex-modified mortar at constant 
flow or at constant water-cement ratio was in the range of 5% to 20%. At constant water-cement ratio, 
less air was generally entrained compared to mortars at constant flow.
Burge [2.19] found that the air entrainment of PVAC and SBR latex-modified mortar at constant 
flow was in the range of 5.5% to 6.5%, but slightly higher than plain mortar (4.2%). Acrylic-modified 
mortar entrained less air (about 4%) compared to PVAC-modified mortar, SBR-modified mortar or 
plain mortar.
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In summary, latex incorporation in cement system generally entrains a large quantity of air which 
can be controlled by using the right quantity and type of anti-foaming agents.
2.2.3 Setting time
When water is mixed with Portland cement, the chemical reactions which follow bring about a change 
in the structure of the paste by which the fluid mass becomes rigid. Setting refers to this change from 
a fluid to rigid state.
Popovics [2.20] reported that polymers usually slow down the process of structure formation in the 
cement paste. The setting time of mixtures containing polyvinyl acetate was 1.3 times that of ordinary 
concrete when the polymer-cement ratio was 5%, and 1.6 times when the polymer-cement ratio was 20%. 
The rate of setting of a mixture of rubber (natural or synthetic) and cement, i.e. the kinetics of the 
structure formation, was determined by the type of stabilizer used. Mixes stiffen rapidly when electrolytes 
(e.g. potash) were used, and the stiffening was accelerated even more by the addition of calcium chloride. 
Addition of 1% and 4% calcium chloride has been shown to decrease by two and threefold, respectively, 
the setting time of polychloroprene(synthetic rubber latex)-cement system with a polymer-cement ratio 
of 20%.
Zivica [2.21] found that polyvinyl acetate reduced the rate of hardening of the cement paste, and 
the setting times were extended considerably. He interpreted these findings in terms of the structure 
of the cement paste, and maintained that:
(1) The emulsifier and stabilizer are soluble in water and they adsorb onto the cement 
grains, inhibiting hydration.
(2) The emulsion particles envelop the grains and slow down hydration.
Hosek [2.22] investigated a series of polyvinyl acetate (PVAC)-modified mortars in which 
PVAC was also modified by various plastidzers. His work confirmed that of Popovics [2.20] and 
Zivica [2.21]. He concluded that PVAC acted as a retarder delaying initial set and final set, and that 
it also prolonged the principal stage of strength development.
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Recently Ohama et al [2.23] found that the addition of latex, such as SBR, PAE and PVAC, to 
mortar and concrete generally delayed the setting of the materials, and the setting time increased with 
the increase in polymer-cement ratio. He concluded that the reason for the setting delay was that 
surfactants such as akylbenzene sulphonates contained in latices inhibit the hydration of cement.
In summary, latex incorporation in cement systems is found to act as a retarder, delaying initial and 
final set, and reducing the rate of hardening. This effect is attributed to the adsorption of stabilizer 
onto the cement grains by the emulsion particles, thus inhibiting hydration.
2.3 Properties of hardened cement systems
2.3.1 Strength properties
There are three main factors which influence the mechanical properties of latex-modified cement 
systems. These are the polymer and materials used in the latex, the mix proportions (e.g. polymer-cement 
ratio and water-cement ratio), and curing condition.
Effects of poiymer and materials used in the latex
The nature of polymers in latices mainly depends on monomer ratio in co-polymer e.g. in 
styrene-butadiene rubber, the ratio of styrene to butadiene. The properties of latices, such as mechanical 
and chemical stabilities, are dependent on the type and amount of surfactants and anti-foamers and the 
size of dispersed polymer particles.
Ohama [2.12] has reported the effects of the various components of the latex on the mechanical 
properties of the latex-modified cement system. These effects can be summarized as follows:
(1) The monomer ratio in co-polymers can affect the strength of the latex-modified 
mortar to the same extent as the polymer-cement ratio. The maximum strength of 
poly(ethylene - vinyl acetate) (EVA)-modified mortar was obtained at a bound 
ethylene content of 13%, whereas the strength of SBR-modified mortar increased 
with a rise in the bound styrene content.
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(2) Generally the mechanical and chemical stabilities of latices are improved with an 
increase in the content of surfactants selected as stabilizers. The stabilized latices 
should be able to disperse effectively without coagulation in a latex-modified cement 
system. On the other hand, an excess of surfactant may have an adverse effect on 
the strength of the latex-modified cement system, because of the reduced latex film 
strength, the delayed cement hydration and excessive air entrainment.
(3) Increased anti-foamer content causes a pronounced decrease in the air content and 
an increase in the compressive strength.
(4) Decreasing the size of the dispersed polymer particles in the latex results in a slight 
increase in the compressive and tensile strengths of the latex-modified mortar.
(5) Increasing the tensile strength of dry polymer film made from a SBR latex results in 
an increase in flexural stength of the SBR-modified mortar with a polymer-cement 
ratio between 10% and 20%.
Effect of the mix proportions
Polyvinyl acetate (PVAC) is the latex which has been studied most extensively as an addition in 
Portland cement systems and so it is convenient to describe the effect based on this latex and then 
mention any differences observed when other latices are used.
The relation between the compressive strength and PVAC-modified mortar with various 
water-cement ratio and polymer-cement ratio ranging between 5% and 35% has been discussed in a 
number of papers by Wagner [2.24], Geist et al [2.9] and Ohama [2.12]. The general conclusions which 
summarize the results obtained in these papers were that: modified mortars show a maximum 
compressive strength at a polymer-cement ratio between 10% and 30% in dry curing or combined water 
and dry curing regime; and at a polymer-cement ratio between 5% and 25% in water curing. Modified 
mortars cured in dry conditions were found to have generally a higher compressive strength than mortars 
cured in wet condition.
Akihama et al [2.25] and Chen et al [2.26] have found that latex-modified concrete containing only 
a few percent polymer (chloroprene latex, SBR, PAE and diacetone diacrylamide monomer) was no 
stronger, and may even have been weaker, than a concrete with no polymer.
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Perenyi [2.27] has indicated that in practice a polymer-cement ratio of 10% to 20% is generally 
used, since this gives optimum strength. Polymer doses greater than 25% to 30% create discontinuities 
in the cement paste structure, leading to reduced compressive strength while polymer doses less 
than 10% often have no significant effect, with strength equal to or less than the unmodified mortar.
Some latex systems provide a decrease in compressive strength with increasing polymer-cement 
ratio, regardless of the curing condition. Kasai et al [2.28] found that the compressive strengths of SBR 
and PAE latex-modified mortars at constant flow and cured in combined wet and dry or wet conditions 
were smaller than the plain mortar and generally decreased with increase in polymer-cement ratio 
from 10% to 20%.
The opposite effect is suggested by work of Ohama [2.12] who found that the compressive strength 
properties of SBR and PAE latex-modified concrete at polymer-cement ratio of 5% to 20% and a 
constant slump of 18cm, when given a 2 days moist curing, 5 days water curing and 21 days dry curing 
at 50% R.H., generally increased with the increase of polymer-cement ratio. Polyvinyl 
acetate (PVAC)-modified concrete of similar polymer-cement ratio under similar curing conditions, 
however, was found to decrease in strength with the increase in polymer-cement ratio.
The development in the tensile and flexural strengths of latex-modified cement systems were more 
remarkable than that of the compressive strength. Most latex-modified systems show an increase in the 
tensile and flexural strengths at polymer-cement ratios of 10% to 20%, except those of polyvinyl 
acetate-modified cement systems.
Vekey [2.29] found that the flexural strengths of SBR, acrylic, acrylic-styrene, poly(vinylidene 
dichloride-vinylpropionate) (PVDC) latex-modified cement paste at a water-cement ratio of 30% and 
a polymer-cement of 10% were generally higher than plain cement paste under the wet and dry curing 
conditions, whereas, polyvinyl acetate-modified cement paste showed a higher flexural strength than 
plain cement paste under dry curing conditions and a lower flexural strength under wet curing conditions.
Kasai et al [2.28] found that the flexural strength of SBR and PAE latex-modified mortar at constant 
flow and at polymer-cement ratio ranging from 10% to 20% was generally higher than the plain mortar 
under the combined wet and dry or wet conditions.
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Frondistou-Yannas and Shah [2.30] found that the tensile strengths of PVAC, SBR and dibytyl 
meleate latex-modified mortar at water-cement ratio of 50% and polymer-cement of 20%, cured 
continuously in dry conditions for 7 days, were generally lower than the plain mortar cured in wet 
condition for 7 days. They also found that the change of water-cement ratio from 50% to 35% has a 
little effect on the flexural strength of latex-modified mortar with polymer-cement of 20% and 
continuously cured for 7 days in dry condition.
Wagner [2.24, 2.31, 2.32] reported that for polymer-cement ratios of 10% to 25%, the porosity of 
the latex-modified mortar may decrease because of the ability of the polymer to partially fill the pores 
in the mortar microstructure. The equation developed by Power’s and Brownyard [2.33], relating 
porosity to strength for ordinary cement paste, predicted accurately the wet compressive strength of 
latex-modified mortars. However, Isenberg et al [2.34] indicated that the use of latex resulted in an 
increase in tensile strength much greater than can be accounted for by the decrease in void volume of 
the hardened cement.
Hosek [2.22] postulated that under load, polymer chains can unload the most stressed bonds by 
"slippage". Polymer also improved the adhesion of the cement paste phase and the paste to the aggregate 
interface. Wagner [2.32] found that the adhesion of aggregate to the polymer-modified matrix correlated 
with the tensile strength, and that a film forming ability of the polymer latex was not necessarily required, 
but rather a higher degree of adhesion between the polymer and the inorganic cementitious components.
Isenberg et al [2.34] have attributed the improvements in tensile strength, fracture toughness, 
ductility and increased strain at failure to the ability of the polymer to bridge microcracks and resist 
their formation and growth.
Eden et al [2.35] found that the addition of celacol polymer on the flexural strength of high stength 
matrix was dependent upon the curing conditions. In a wet state, the polymer content has little effect 
upon the ultimate flexural strength, but does cause non-linearity in the stress-strain behaviour. In a dry 
state, however, increasing polymer content leads to increasing flexural stength, toughness and failure 
strain. They concluded that removal of pores is not the principal strengthening mechanism since strength 
increases are consequent upon water removal from the microstructure in the presence of the polymer.
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Ohama [2.12] has found that when the sand-cement ratio increases, the flexural and compressive 
strengths were markedly reduced and the effect of the polymer-cement ratio on the strengths gradually 
becomes smaller.
Effect of curing condition
Optimum strength in the ordinary cement system is developed under wet conditions such as water 
immersion and high humidity, whereas optimum strength development in the latex-modified system is 
attained under dry conditions.
Ohama [2.12], Wagner [2.24, 2.31, 2.32], and Riley and Razl [2.11] have reported that optimum 
strength in most latex-modified cement systems was obtained by a reasonable amount of cement 
hydration under wet conditions at early ages, followed by dry conditions to promote polymer film 
formation due to the coalescence of the polymer particles.
Ohama [2.12] and Frondistou-Yannas and Shah [2.30] have found that water immersion subsequent 
to dry curing causes a sharp reduction in the strength of all the latex-modified cement systems tested. 
Such an influence on strength was found to be reversible, and the strength recovered by dry storage 
subsequent to water immersion.
Solomatov [2.14] reported that excess moisture due to the wet or humid curing of latex-modified 
cement system causes swelling and loosening of the hydrophilic polymer within the mortar structure. 
This results in lowering the strength of a latex-modified cement system cured in wet conditions in 
comparison to that cured in dry conditions.
2.3.2 Modulus of elasticity and strain capacity at failure
All investigators such as Ohama [2.12], Vekey [2.29], Solomatov [2.14] and others [2.11,2.22,2.30] 
found that latex incorporation in a cement system generally results in lowering its modulus of elasticity. 
The modulus of elasticity of the latex-modified cement system tended to decrease with the increase in 
the polymer-cement ratio.
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Mangat [2.36] found that the secant modulus of elasticity of acrylic-modified concrete of the same 
workability and containing up to 25% polymer was reasonably constant under dry and wet curing 
conditions. Polymer addition beyond 25% caused a reduction in the material stiffness. The compressive 
strain capacity at failure, on the other hand, was found to increase with the increase in polymer content.
Ohama [2.12] and Akihama et al [2.25] have found that the compressive and tensile strain capacity 
of styrene-butadiene rubber and polyacrylic ester latex-modified mortar generally increases with the 
increase in polymer-cement ratio. The maximum compressive and tensile strain at a polymer-cement 
of 20% increases by two to three times that of ordinary mortar.
2.3.3 Temperature effect
The strength of latex-modified mortar is dependent on temperature, because of the temperature 
dependence of polymers themselves. Ohama [2.12] found that the flexural strength of SBR, PAE and 
EVA latex-modified mortar of polymer-cement ratio of 5% to 25% generally decreases with the increase 
in test temperature from -30°C to 150°C. Most latex-modified mortars lose 50% or more of their strength 
at temperatures exceeding 50°C. On the other hand, Solomatov [2.14] has found that the flexural and 
compressive strengths of PVAC-modified concrete at a temperature less than 0°C were higher than 
those at 20°C. The hardening effect at lower temperatures was less marked in PVAC-modified concrete 
than in plain concrete because of incomplete freezing of the bound water and the elasticity of the polymer 
in this temperature range.
Hall [2.37] found that the tensile and flexural strengths of styrene-arylic latex-modified concretes 
were largely influenced by the curing temperature (3°C, 23°C and 65°C) and the maximum strengths 
were measured for specimens cured at 23°C. In addition, he found that the minimum film forming 
temperature of latex emulsion had no effect on the physical properties of the latex-modified concretes 
tested.
Kalandiak [2.38] reported that the maximum compressive, tensile and shear bond strengths of 
acrylic-modified mortar, cured for 28 days at 50% R.H., were obtained from polymeric modifiers whose 
glass transition temperature (Tg) was at room temperature (i.e. 25°C). This was interpreted in terms
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of the polymer status which was assumed to be most able to absorb and dissipate the energy imported 
during testing. On the other hand, the maximum impact and abrasion resistance (to sand blasting) were 
obtained from the polymeric modifier with the lowest 7g.
Grosskurth et al [2.39] studied the temperature dependence of the compressive stress-strain 
behaviour of styrene-acrylic latex-modified concrete with a polymer-cement ratio between 5% and 15% 
and a water-cement ratio of 45%. He found that at a temperature of -10°C, which is lower than the Tg 
value, the latex-modified concrete acts in a brittle way since the concrete with various polymer-cement 
ratios fails soon after reaching its ultimate compressive stress. Starting from a temperature of 0°C 
(the other test temperatures being 10°C, 23°C and 35°C), the latex-modified concrete behaved in a tough 
way, particularly at a polymer-cement ratio of 10%. He also found that the compressive strength and 
modulus of elasticity of the latex-modified concrete generally decreased with the increase in test 
temperature, whereas the strain capacity at failure of the latex-modified concrete at 0°C was generally 
higher than that at -10°C, and hardly increased after that for an increase in temperature from 0°C to 
35°C.
2.3.4 Shrinkage and swelling strains
The drying shrinkage and swelling of latex-modified cement systems are dependent on the polymer 
type and polymer-cement ratio.
Frondistou-Yannas and Shah [2.30] found thatPVAC andSBR latex-modified mortar with a 
polymer-cement ratio of 20% underwent a considerable volume reduction, about -18% for PVAC and 
-8% for SBR, during the first 2 days curing in 100% R.H. Following the first two days, the shrinkage 
and swelling of latex-modified mortar cured in dry and wet conditions results in a decrease and increase 
in volume respectively of about 10%.
Ohama [2.12] studied the effect of polymer-cement ratios of 10% and 20% on the drying shrinkage 
of mortars modified by five SBR latices, two PVDC latices,one PAE latex,one PVAC latex and two 
Natural Rubber (NR) latices and found:
(1) The drying shrinkage increases with additional dry curing period and becomes nearly 
constant at a dry curing period of 28 days, regardless of polymer type and 
polymer-cement ratio.
Chapter 2
(2) The 28 days drying shrinkage generally tends to decrease with increasing 
polymer-cement ratio because of the water retention by the polymer phase.
(3) PVAC and PAE and NR latex-modified mortars have a large shrinkage (about
2.5 times for PVAC, and 1.5 times for PAE and NR) compared to that of ordinary 
mortar.
(4) The largest shrinkage of PVAC-modified mortar is probably caused by evaporation 
of a larger amount of water absorbed in the polymer phase due to the low water 
resistance of the PVAC itself. This excessive shrinkage could be reduced by as much 
as 50% of that of ordinary mortar by the introduction of ethylene into the formation 
of PVAC.
Kawano [2.40] found that, compared to ordinary cement mortar, a reduction in the drying shrinkage 
of latex-modified mortars was due mainly to the effect of surfactant and anti-foamers contained in the 
latices.
2.3.5 Creep
Conflicting data exist on the creep behaviour of latex-modified mortar and concrete.
Mangat et al [2.41] have found that the acrylic-based polymers generally lead to higher creep strains 
relative to plain concrete. The SBR latex, on the other hand, leads to a reduction in creep.
Solomatov [2.14] has also reported large increases in creep rates for latex-modified mortar 
containing polyvinyl acetate-dibutyl maleate. By contrast, Ohama [2.12] has reported substantially 
reduced creep values for mortars and concrete containing PAE and SBR latices.
2.3.6 Water absorption and water resistance
The water absorption and the amount of water permeation of latex-modified cement systems are 
considerably reduced with an increase in polymer-cement ratio, with the exception of PVAC-modified 
cement systems. The waterproofhess of PVAC-modified mortar is low, because the PVAC polymer 
swells due to the water absorption and is partially hydrolysed under alkaline conditions [2.14,2.21,2.42].
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Ohama [2.12] has reported that the water absorption of SBR, PAE and EVA latex modified mortars 
with a polymer-cement of 5% to 20% increases with additional water immersion, and becomes nearly 
constant at 48 hours regardless of polymer type. The water absorption of the latex-modified mortar 
was also found to decrease with the increase in polymer-cement ratio. In addition, Ohama reported 
that the water vapour transmission of latex-modified mortars decreases remarkably with increasing 
polymer-cement ratio. He attributed the reduced water absorption and water vapour transmission in 
latex-modified mortar to the microstructure of the materials in which larger pores can be filled by 
polymers or sealed by continuous polymer film. The blocking action due to filling or sealing increases 
with an increase in polymer-cement ratio.
Recently, Justnes et al [2.16] found that the water capillary suction of mortar modified with 
50/50 n-butyl acrylate/methylmethacrylate latex with various stabilizers was considerably lower than 
plain cement mortar for all the latices tested.
2 .3 J Adhesion or bond strength
A very useful aspect of latex-modified mortar and concrete is their improved adhesion or bond 
strength to various substrates.
The slant shear test, used by Tabor [2.43], and described in BS6319 [2.44], may work satisfactorily 
for testing materials of high compressive and tensile strength but not for latex-modified mortar because 
at the age of 14 days (age of testing), the latex-modified cementitious mortars can be relatively weak in 
both compression and tension causing the failure to initiate within the repair mortar rather than shearing 
along the bond surface [2.45].
Ohama [2.12] measured the adhesion in flexure of SBR, PAE and PVDC latex-modified mortar to 
ordinary cement mortar as a substrate by a patched beam method. He reported that the adhesion 
tended to increase with increasing polymer-cement ratio in the range 5% to 25%. However, one 
disadvantage of latex-modified mortar and concrete was that under wet service conditions, adhesion 
was reduced.
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2.3.8 Impact resistance
Latex-modified mortar or concrete has an excellent impact resistance in comparison with 
conventional mortar and concrete, probably because of the high impact resistance of the polymer 
networks which form in the matrix.
Ohama [2.12] has reported that the impact resistance, measured by the falling height of a steel ball 
causing failure, of SBR, PVDC, PAE, PVAC, acrylonitrile-butadiene rubber (NBR) and NR 
latex-modified mortar generally increased with the increase in polymer-cement ratio from 10% to 20%. 
Latex-modified mortars with elastomeric latices (SBR, NR) were superior to those with thermo-plastic 
latices (such as PAE and PVAC).
2.3.9 Abrasion resistance
The abrasion resistance of latex-modified mortar and concrete depends on the polymers added, 
polymer-cement ratio and abrasion or wear conditions.
Teichmann [2.46] found that PAE-modified mortar with a polymer-cement of 20% had an abrasion 
resistance 200 times higher than conventional mortar. Gierloff [2.47] developed an abrasion test 
simulating traffic wear, and showed that various PAE-modified concretes resisted traffic abrasion very 
well.
2.3.10 Chemical resistance
The chemical resistance of latex-modified mortar and concrete is dependent on the nature of 
polymers added, polymer-cement ratio and the nature of chemicals. Most latex-modified mortars and 
concretes are attacked by inorganic or organic acids and sulphates as they contain hydrated cement 
that is non-resistant to these chemical agents, but resist alkalis and various salts except sulphates. Their 
chemical resistance is generally rated as good to animal fats and oils, but poor to organic solvents. 
Ohama [2.48] has found that NBR-modified mortar, in particular, has an excellent resistance to organic 
solvents and oil, but NR-modified mortar did not resist these agents. Dow Technical Bulletin [2.49] 
has reported that PVDC-modified mortars have good resistance to adds as well as to most organic 
solvents. Solomatov [2.14] has reported that, generally, PVAC-modified mortar hardly resists adds 
and alkalis, but is stable to a great extent against attack by organic solvents such as mineral oils.
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2.3.11 Frost resistance and weatherability
Latex-modified mortar has improved resistance to freezing and thawing and frost attack over 
conventional mortar. Ohama [2.12] reported that the frost resistance of SBR, PAE and EVA 
latex-modified mortars was improved markedly at a polymer-cement ratio of 5% or more. Increasing 
the polymer-cement ratio of latex-modified mortar did not necessarily cause an improvement in the 
frost resistance. He attributed the good frost resistance to the composite effects of polymer-modification 
and air entrainment.
Under long-term exposure, involving frost action and carbonation, Ohama [2.12] found that the 
flexural and compressive strengths of mortar modified by PVAC, PAE and SBR latices under outdoor 
exposure conditions (ten years) tend to become nearly constant at one year or more, except for 
PVAC-modified mortar, and the weatherability factor (exposure period in years against change in 
compressive strength) was greater or similar to that of un-modified mortar. Ohama et al [2.50] reported 
that most latex-modified concrete has an excellent resistance to carbonation by atmospheric carbon 
dioxide. This may contribute to preventing the corrosion of reinforcing steel bars in concrete products.
2A  Mechanism of iatex-modification of cement pastes and mortars
Over the last 30 years, there has been some investigation and conflicting results on the process of 
latex modification of Portland cement system.
The first fundamental study was carried out in 1953 by Geist et al [2.9], and they concluded that the 
bond between the sand grains and cement paste, in polyvinyl acetate-modified mortar, is mainly between 
the hydrated cement and silica surface, with some direct contact between the polyvinyl acetate and the 
sand where voids have been filled up by polymer.
In work reported by Wagner [2.24,2.31,2.32,2.51], there is evidence provided that coalescence of 
polymer particles and film formation is related to strength development. In addition, Wagner concluded 
that the important factors governing compressive strength development were:
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(1) The gel space ratio i.e. the ratio of the cement gel existing at any time to the original 
space available. Since latex-modified mortars utilize less water, a fixed amount of 
space would accommodate more cement and provide for a potentially more 
favourable gel space ratio.
(2) Limitation or reduction in the degree of air entrainment to achieve maximum 
density.
(3) Polymer latex type because different polymers have varying effects on the rate of 
cement hydration and on the rate of evaporative water loss.
Although latex-modified mortars require less water per weight of cement than do plain cement 
mortars, they do not necessarily provide a potentially more favourable gel space ratio. The favourable 
water-cement ratios ignore the fact that there are polymer particles being introduced which occupy a 
volume similar to that of water. When the volume of the polymer particles is taken into account, which 
had been ignored by Wagner, there is little or no more space available for extra cement particles in a 
fixed space relative to the case where water above is used as the mixing liquid (this is discussed in more 
detail in Chapter 7). In later studies, Wagner concluded that strength was dependent on the extent of 
cement hydration and the internal adhesion developed between the polymer film, the cement paste and 
the surface of the silica aggregate.
The improvement of bond between the aggregate and cement paste by means of polymer was 
reported by Isenburg et al [2.34], although the evidence is not clear in the micrographs shown, they 
proposed the following mechanism of latex-modification of cement system:
(1) Latex provides equal workability at a significantly lower water-cement ratio.
(2) Latex particles coalesce around the cement grains and aggregate forming a 
continuous polymer matrix throughout the structure.
(3) Microcracks form to relieve shrinkage strains due to drying at less than 100% R.H.
(4) Microcrack propagation is restrained and microcracks are held together by the 
polymer network.
In 1975, Douglas et al [2.52] set out a hypothesis about a possible chemical reaction between the 
various parts of latex-modified cement system which can be summarized as follows:
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(1) The calcium ions available from the hydration react with silica surfaces and deposit 
calcium ions on the aggregate surface to form a calcium silicate.
(2) The latex polymer particles associate in a mono-layer on the aggregate surface 
through the calcium ion linkage. This association is irreversible in that it cannot be 
removed by washing with distilled water or with hydrochloric add. Hence the 
caldum ion is chemically bound to the latex particles which is presumably a result of
(a) the caldum ion reacting with double bonds either present or formed in the 
polymer and (b) the caldum ion reacting with the surfactants on the surface of the 
polymer.
(3) The polymer particles irreversibly and strongly affix to the surface of the silica 
aggregate. This eliminates one of the weak points in concrete i.e. the bond of the 
cement paste to the aggregate.
(4) The latex particles also bond to the surface of all the Portland cement particles in a 
reaction similar to that occurring on the aggregate surface.
In 1984, Ohama [2.12] proposed a three-step simplified model, shown in Figure 2.1, illustrating the 
prindple of latex modification and formation of a co-matrix in cement mortar and concrete. In this 
model, both cement hydration and polymer-phase formation by the coalescence of polymer particles 
proceed well to yield a monolithic matrix phase with a network structure in which the hydrated cement 
phase and polymer phase interpenetrate each other, and the aggregate is bound by such a co-matrix 
phase. The process of polymer film formation around the cement particles is simply a result of water 
withdrawal by cement hydration as shown in Figure 2.2.
In a recent study, in 1987, by Semerad et al [2.53], it is reported that a polymer network forms and 
that there is some adhesive connection between the polymer phase and sand grain in latex-modified 
mortars.
(a )  Im mediately a f t e r  
m ixing
o o & mm,
W&*. co.o>\A
vmo »Ps
fT?> Unhydrated cement p a r t i c l e s
0 Polymer p a r t i c l e s
A ggregates
(b ) F i r s t  s te p
p . ? m r
(c )  Second s te p
( I n t e r s t i t i a l  spaces a r e  w a te r)
M ixtures o f  unhydrated cem ent 
p a r t i c l e s  and cement g e l
(On which polym er p a r t i c l e s  
d e p o s it  p a r t i a l l y )
M ixtures o f  cement g e l and 
unhydrated cement p a r t i c l e s  
enveloped w ith  a c lo se -p ac k ed  
la y e r  o f  polym er p a r t i c l e s
(d) T h ird  s te p
(Hardened s t r u c tu r e )
w m m
m M M
Cement h y d ra te s  enveloped 
w ith  polymer f ilm s  or 
membranes
E n tra in ed  a i r
Figure 2.1 : Simplified m odel of form ation of polym er 
cem ent com atrix  [12].
Polymer p a r t i c le
W ater
o  O Polymer la te x
F lo c c u la tio n  o f  polymer 
p a r t i c l e s
dement h y d ra te s
Form ation o f  c lo se -p ack ed  
s t r u c tu r e  o f  polymer 
p a r t i c l e s
Drainage o f  w ate r between 
polymer p a r t i c l e s  
Coalescence o f  
polymer p a r t i c l e s
Form ation o f  uniform  polym er
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2 3  The contact zone and crack propagation in mortars
2.5.1 Microstructural features of the contact zone in ordinary cement 
system
Studies of the morphological aspects of the contact zone between the cement phase and various 
inclusions typically involve examination by Scanning Electron Microscope (SEM) of the cement 
hydration products at the interface region. Some investigators have studied zones of contact between 
the cementitious phase and the aggregate surface. Others have observed the morphology of the zone 
of contact between the cementitious phase and various other types of inclusion such as steel, glass fibre 
and polypropylene fibre.
Lyubimova and Pinus [2.54] studied and measured the micro-hardness across the cement-aggregate 
interface and they concluded that quartz grains were covered with a layer of calcium silicate 
hydrate (CSH). Later, in 1978 SEM studies at Purdue university by Barnes et al [2.55,2.56] suggested 
a more complicated interface between cement paste and glass or quartz. They indicated that the inclusion 
of such aggregate results in a "duplex layer" which consists of a continuous crystalline layer of calcium 
hydroxide (CH) and a CSH gel layer deposited on the CH layer and projecting more or less normal to 
the interface. This duplex layer is followed by porous or unfilled spaces in the paste near the interface 
and further well-formed CH crystals which partially fill some of these pores or empty spaces near the 
interface.
Similar results were obtained, in 1980, by Langton and Roy [2.57] who concluded that a two-layer 
zone developed at the interface between the non-reactive aggregate and the cement paste. They 
characterised the interface as consisting of a thin layer of CH from which CSH particles appeared to 
be growing. In addition, large CH crystals appeared to attach the interfacial region to the bulk paste. 
Thus whilst some investigators have described contact zones as a two layer system, other authors [2.58, 
2.59] refer to the presence of CSH gel in contact with certain substrates.
A recent study, in 1985, by Zimbelmann [2.60], and confirmed by Monteiro et al [2.61], showed that 
the contact zone is composed of a multi-layer structure in which calcium hydroxide and ettringite crystals 
are situated at the aggregate surface. This is followed directly by a very porous layer consisting mainly
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of needle and panel-shaped hydrates of the cement. A model of the contact zone by Zimbelmann is 
shown in Figure 2.3.
V  C a ( O H )2 
/  c r y s t a l s  
C S H  4 
^  e t t r i n g i t e
p m
Ca l OH)2 
/  panel  c rys t a l
^  ^  e t t r i n g i t e
7 __ Co{0H)2 
U  c r y s t a l s
Figure 2.3 : Model of con tac t zone between cem ent
hydrate and aggregate [60].
2.5.2 SEM observatiQiisjpf-crack-propagationJn.Portland c em ent paste 
and_mprtar.s
All the SEM studies of the crack propagation in cement paste and mortar have been carried out on 
ordinary strength materials with no reference to the effect of water-cement ratio or to polymer 
incorporation on the crack propagation.
The crack propagation of hardened cement paste has been examined by Diamond and Mindess [2.62, 
2.63] using a device which permitted direct observation of cracking on specimens loaded within the 
sample chamber of a scanning electron microscope, in both tension and compression. They found that, 
in tension, cracks tend to run approximately straight, although they actually consist of a linked series of 
short segments that tend to zig-zag back and forth around the direction of propagation. Only a relatively
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small amount of crack branching occurs, mostly near the crack tip. In addition, at least on the surface, 
some of the cracking appears to be discontinuous. Similar observations were made in compression 
tests.
Diamond and Mindess [2.62, 2.64, 2.65] also studied the crack propagation of mortar in tension. 
Unfortunately the study has been carried out without polishing the surface of the specimen so the 
aggregate particles were covered by a layer of cement paste and the interface was not easy to observe. 
However, the study revealed that the crack formed is tortuous and that some fairly widely spaced crack 
branches do exist. In addition, discontinuities or "crack jumping" occurred between regions of the main 
crack, and tearing away of small bits of material at areas where crack branching occurs were observed. 
The cracks appeared to follow preferentially paths near the paste-aggregate interface.
2£  Hydration of cement In a polymer system
A persistent question with regard to the latex-modified cement system has been the efficiency of 
hydration of the cement in the presence of polymers.
Geist et al [2.9] reported a detailed fundamental study on polyvinyl acetate-modified mortar. They 
suggested that the presence of PVAC-polymer in the cement system causes more complete hydration 
of the cement due to accumulation of water by the hydrophilic polymer, which, depending on the 
efficiency of the absorption, should then be absorbed by the cement, ensuring its deep hydration. 
Solomatov [2.14] suggested that more attention should be given to the opinion, which agrees with 
practice, that hydration of cement in concrete containing thermo-plastics and elastomers is limited, and 
the presence in the cement system of polymer with its water absorption properties is not the determining 
condition or cause for more complete hydration of the cement. The polymer plays a large role in the 
hardening of the structure. Due to its high adhesion and cohesion properties, it binds mineral fractions 
and cement into a single conglomerate, while a significant fraction of the cement also serves as a 
micro-filler.
Wagner [2.24,2.31,2.32] has reported an opposite effect, to that suggested by Solomatov [2.14], of 
the polymer on the hydration of cement. Using a water vapour adsorption technique on 
polymer-modified mortar containing polyvinylidene-vinylchloride, polyacrylic, SBR, polystyrene, 
polyvinyl chloride and PVAC, he measured the extent of hydration by determining the increase in the
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specific surface area of the cement gel. He found, among the various polymer latices, that the initial 
rate of development of cement gel specific area varies, some retarding and some accelerating it relative 
to that of the plain mortar. After 28 days, however the surface area in most cases is slightly lower than 
the plain mortar.
Benture [2.66] has studied the effect of SBR and acrylic latex addition on the hydration of cement 
paste. He found by heating the specimen tol050°C at the age of 28 days and measuring the 
non-evaporable water content, that the increase in polymer content up to 30% by weight of cement has 
only a small effect on the combined water. He concluded that the presence of these polymers does not 
interfere much with the hydration reaction.
Gebauer and Coughlin [2.67] attributed the decreased strength observed in a polymer cement 
concrete containing methyl methacrylate (MMA) to the hindering influence of the monomer on cement 
hydration. Similar hindering action on cement hydration was suspected with a water-soluble monomer 
furfuryl alcohol, that produced lower strengths in a polymer cement concrete. Morgan et al [2.68] 
worked with five different pre-mix systems incorporating monomers: acrylonitrile, styrene, methyl 
methacrylate, polyvinyl acetate and polyster-styrene of which all but the last two offered improved 
compressive strengths. The latter two monomers were considered incompatible with hydrating cement.
Teichman [2.46] has drawn attention to the possible deleterious chemical effects upon hydration of 
the "auxiliary system"; namely, materials such as protective colloids, emulsifiers, accelerators and 
regulators used in polymer dispersions. Cook et al [2.69, 2.70] investigated co-polymer systems: 
acrylonitrile styrene, methyl methacrylate, vinyl acetate, polyester-styrene, isoprene, 2-hydroxy ethyl 
methacrylate and butyl methacrylate which all showed a decrease in the degree of hydration. The latter 
two polymers show a reduction in the percentage of combined water of the order of 5% (i.e. from 
21% per gram of cement for plain cement paste to 16% for the two latex-modified cement pastes).
Krishnan et al/2.7J/ attributed the absence of any significant hydration of the cement in a 
latex-modified cement paste containing polyster-styrene and acrylic emulsion to the hindering influence 
of the polymer film which completely encapsulated the cement particles. Also they observed that any 
hydration that has taken place is partially visible at the periphery of the individual cement particles. 
Semerad ctal[2.53] also attributed the pronounced decrease in hydration of cement in 
polymer-modified mortar containing high polymer concentrations of vinyl acetate-ethylene and
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acrylates, to the formation of a polymer film which enveloped the cement particles and prevented further 
access of water to the particles. A water dispersion epoxy system showed a slight improvement in 
hydration.
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Chapter 3 
Polymer Latices
&1 Introduction
The composition and properties of polymer latices used as cement modifiers are of interest for three 
reasons. First, they may be investigated to gain thereby a better understanding of the physical and 
chemical nature of the latex. Secondly, certain properties may be evaluated because they influence the 
fitness of a latex for a particular application, such as cement modification, and because they may affect 
the properties of the modified cement. Thirdly, certain properties may be used for the purpose of 
quality control.
In this chapter, the manufacturing factors controlling the performance of latices and tests on two 
Styrene Butadiene Rubber (SBR) latices and one acrylic latex will be considered. The final section of 
this chapter is devoted to the evaluation of the mechanical properties of the dried films deposited from 
emulsion latices.
3.2 Definition of polymer and latex
An organic polymer is a substance composed of a large number of simple chemical molecules known 
as monomers, and the reaction that combines them is called polymerization.
A polymer is a homo-polymer if it is made by the polymerization of one type of monomer, and a 
co-polymer when two or more different monomers are polymerized.
A latex is defined as a stable dispersion of polymer particles in an essentially aqueous medium.
&3 Classification of polymer latices
Polymers or latices can be classified (as in Figure 3.1) into three groups [3.1] according to the 
molecular structure i.e. elastomeric, thermoplastic and thermoset.
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3.3.1 Thermoplastic polymers
Polymers in the form of long chains are popularly known as thermoplastic materials (see Figure 3.2). 
The reason for this is that such materials can be softened by heat and re-shaped if necessary. In addition, 
such polymers can readily be dissolved in various solvents and mixed with plastidzers.
3.3.2 Thermosetting polymers
Polymers in the form of two-dimensional or three-dimensional space latices usually start as chains, 
but join together subsequently due to the formation of side-chain linkage (see Figure 3.3). Such materials 
are also called thermosetting because after they have set, heating cannot melt them. Fully set particles 
of this type cannot readily be dissolved in solvents.
3.3.3 Elastomeric polymers
Polymers in the form of springy chains are commonly called elastomers.
Natural and synthetic elastomers originally consist of linear polymer chains which are modified by 
vulcanization. Traditionally, vulcanization involved cross-linking the linear polymer chains at intervals 
through sulphur atoms (Figure 3.4). This anchors the chains at scattered points in the mass and prevents 
massive relative movements of the molecules, while preserving sufficient elasticity. Depending on the 
proportion of sulphur used and hence the number of cross-links in a unit space, vulcanized rubber can 
be made ranging from soft and elastic to rigid and hard.
The structure of a soft vulcanized rubber will be intermediate between the structure of thermoset 
and thermoplastic materials.
3.4 Manufacture of latex
3.4.1 Process and composition
With the exception of the epoxy resin latices, all the other types are produced by a process known 
as emulsion polymerization. Because of this, latices are sometimes referred to as emulsions.
Figure 3.2 : Typical therm oplastic polymer.
Figure 3 .3 : Therm osetting polymer irith  cross—linkage.
(a) Chain branching
(b) Cross linking
Figure 3 .4 : Topical elastom eric polymer.
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The basic process involves mixing the monomers with a stabilizer (surfactant) and an initiator 
(polymer chain modifier), under controlled temperature and pressure. The initiator generates a free 
radical that causes the monomers to polymerize by chain addition. The rate of polymerization is 
controlled by varying the temperature of the added water. A typical recipe for emulsion polymerization 
is given in Table 3.1 [3.2]
Table 3.1. Typical recipe for emulsion polymerization.
Component Parts by weight
Monomers 100
Stabilizer t I-* O
Initiator 0.1 -2
Water 80 -150
Other ingredients 0-10
When the polymerization has reached the required degree of completion, residual monomers are 
removed and the latex is compounded. This "compounding" typically involves adjusting the PH and the 
solids content and introducing an anti-foamer, a bacteriocide, an anti-oxidant and further stabilizer 
(to increase the resistance of the latex to coagulation).
Latices can be divided into three classes according to the type of electrical charge on the particle, 
which is determined by the type of stabilizer. The three classes are cationic (positively charged), anionic 
(negatively charged), and non-ionic (no charge). In general, latices that are cationic or anionic are not 
suitable for use with hydraulic cements because they lack the necessary stability. Most of the latices 
used with Portland cements are stabilized with surfactants that are non-ionic.
Typical recipes for the latices used in this investigation are given in Tables 3.2 and 33 [3.2].
Epoxy latices are not made by emulsion polymerization. The epoxy resin is made without water by 
condensation polymerization, which involves reacting epichlorohydrin and bisphenol A. The resultant 
chlorohydrin is dehydrohalogenated to form a liquid epoxy resin. By using extremely low levels of 
non-ionic reactive surfactants, these resins are emulsified in water to produce latices [3.2].
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Table 3.2. Example of formulation of acrylic co-polymer latex.
Component Parts by weight
Ethyl acrylate 98
Vinyl carboxylic acid 2
Nonionic surfactant 6»
Anionic surfactant 03b
Sodium formaldehyde 0.1
sulphoxide
Caustic soda 0.2
Peroxide 0.1
Water 100
J nonionic surfactant may be monyl phenol with 20 to 40 molecules of ethylene oxide 
b low levels of anionic surfactant are used to control the rate of polymerization
Table 33. Example of formulation of styrene butadiene co-polymer.
Component Parts by weight
Styrene 64
Butadiene 35
Vinyl carboxylic acid 1
Non-ionic surfactant 7
Anionic surfactant 0.1
Ammonium persulphate 0.2
Water 105
Table 3.4 compares the composition of the two SBR latices used in the experimental work. 
Unfortunately, precise information about surfactant, antioxidant etc. is very difficult to obtain. The 
acrylic latex used is an all acrylic emulsion formed from a mixture containing 50% butyl acrylate monomer 
and 45% methyl methacrylate monomer. The surfactant is a non-ionic type and an antifoaming agent 
is added.
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Table 3.4. Composition of the SBR latices.
Component SBR(I)a SBR(H)b
Styrene/Butadiene 
Surfactant 
Particle size 
Antioxidant 
Antifoam
60/40
non-ionic
0.16um
present
present
66/34
non-ionic
0.13um
present
present
J SBD Construction Products Ltd., U.K. 
b Doverstrand Ltd., U.K.
3.4.2 Variables in latex manufacture which control 
performance [3.2, 3.3, 3.4]
If one considers the emulsion polymerization process, the existence of many variables will be 
apparent. The following notes outline seven main variables affecting the properties and performance 
of styrene-butadiene rubber and acrylic latices.
Monomer ratio
A styrene-butadiene co-polymer latex (see Figure 35) with high styrene level produces a hard film 
whereas a high butadiene content produces a soft film. For use with cement, a styrene content in the 
order of 60-65% produces a good balance of properties [3.3]. Higher styrene contents are claimed to 
improve compressive and tensile strengths, but would reduce adhesion and flexibility. Also higher 
styrene contents would lead to high minimum film forming temperatures, unless plasticizers and 
coalescing agents are used. This can be complicated by molecular weight. A modified cement system 
using a SBR latex with a low molecular weight will not give the same strength, adhesion and water 
resistance properties as that using a latex with a higher molecular weight, even if the monomer 
composition and other ingredients are the same [3.2].
Acrylic polymers used with Portland cement are composed mainly of polyacrylates and 
polymethacrylates. An example of each type is shown in Figure 3.6, and the properties of each type are
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influenced strongly by various factors. However, the two most critical factors are the presence of CH3 
or H on the alpha carbon and the length of the ester side chain.
H— C — H 
u  y  Styrene
o
\
C
/
H
H H
Butadiene
Figure 3 .5 : S tructure of sty rene-bu tad iene rubber polymers.
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I
0
1
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c h 3
H CH3 
I I
c  = c
I I
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1
0
I
c h 3
Methyl Methacrylate
F igure 3.6 : S tru c tu re  of acry lic  polym er,
The acrylate polymers are characterized by having alpha hydrogen adjacent to the carboxyl group 
and, therefore, have more rotational freedom than the methacrylate polymers. The substitution of 
methyl (CH3) for the hydrogen atom, producing a methacrylate polymer, restricts the freedom of 
rotation of the polymer (steric hindrance) and this produces harder, highe tensile strength and lower
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elongation polymers than the acrylate counterpart. Finally, the size (i.e. length) of the ester side chain 
group also affects the properties; as the side chain becomes longer, the tensile strength of the polymer 
is decreased and elongation increased.
It is clear that merely describing a polymer as SBR or acrylic without providing some additional 
specifying information does not adequately inform researchers, or indeed practising engineers. 
Obviously, composition and properties can vary widely within the same family.
Carboxylation
The inclusion of bound carboxylic add, e.g. acrylic add, into an SBR or acrylic latex produces a 
terpolymer, although this term can be misleading as the amount added is usually small, as in Tables 3.2 
or 3.3.
Advantages produced by bound carboxylic add are: improved chemical and physical stability; 
improved adhesion to damp and inorganic backgrounds; and improved freeze-thaw resistance of the 
latex. High proportions of carboxylic add are undesirable as they increase the water absorption of the 
dried film. To get maximum effect the carboxylic groups should be chemically bound onto the particles 
surfaces and not locked inside the particle or left in solution.
Chain transfer agent, molecular weight and cross-linking
Emulsion polymerization tends to produce high molecular weight polymers with substantial 
cross-linking (particularly butadiene polymers). However, this can be controlled by using a chain transfer 
agent. The higher the concentration of chain transfer agent, the lower the degree of cross-linking.
In spite of the use of chain transfer agents, the molecular weight and degree of cross-linking is 
normally suffident to prevent the film dissolving in any of the liquids which might be expected to be 
solvents. Consequently measuring the molecular weight by solution techniques is not possible. An 
indication of the degree of cross-linking can be obtained by the use of a technique known as gel content 
determination [3.5]. The gel content is the percentage of dried film which will not dissolve in a specific 
liquid (often toluene) in a given time. A high gel content in the finished product indicates good polymer 
strength properties, but a low gel content in the latex facilitates film formation.
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Stabilizer (surfactant) and particle size
The type and level of surfactant influences stability and surface tension. Increased stability is often 
achieved at the expense of air entrainment. In addition to air entrainment problems, an excess of 
surfactant can lead to great water sensitivity of the dried film and this, in turn, lowers the performance 
of latex mortars exposed to wet conditions. On the beneficial side, the surfactant can act rather like a 
superplasticizer and enable workable mortars to be made at very low water-cement ratios. Much work 
has been carried out by latex manufacturers in recent years towards developing low surfactant but stable 
latices.
Particle size can be controlled by the level of surfactant present at the start of polymerization and 
can vary between 0.05 to 5 microns. Reducing the particle size increases the surface area to be covered 
by the surfactant and hence more surfactant is needed for small particle sizes if latex stability is to be 
maintained.
Large particles give latices which lead to readily trowellable mortar mixes, whereas small particles 
aid adhesion and penetration. Particle size distribution can also be important. For example, a blend 
of small and large particles can give low viscosity at high solids concentration. The presence of extra 
large particles is undesirable, as it encourages "creaming" i.e. the process by which large particles float 
to the top on storage. Film forming is favoured by a wide distribution of particle sizes as there are then 
less gaps between the particles. SBR and acrylic latices have mean particle sizes of about 0.15um 
(Table 3.4).
Initiator
Persulphates (such as ammonium persulphate in Table 33) are commonly used to generate the free 
radicals required for cross-linking. Higher levels give lower molecular weights.
Beaction tem perature
Lowering the reaction temperature of polymerization usually leads to an improvement in the 
properties of the dried film e.g. higher tensile strength.
Chapter 3
Compounding ingredients
These materials are the ingredients added after polymerization is complete to improve the product, 
usually with respect to resistance to something. The most common additions are: plasticizer, coalescent, 
anti-foam, alkali, anti-oxidant, bacteriocide, thickener, dispersant, pigment, vulcanizing agent, 
anti-skinning agent, cement admixtures e.g. accelerator or retarder, freeze-thaw stabilizer, anti-freeze, 
fire retardant, odour masking agent, and additional surfactant. The blend of these added materials are 
relatively low, ranging from parts per million for bacteriocide to a few percent for additional surfactant.
3.5 Stability and destabilization of latices
The most important factor reasonable for delaying the attainment of the floculated, coalesced state 
of the polymer particles is the presence upon the particle surfaces of the chain of non-ionic dipoles of 
surfactant which isolate the polymer particles and prevent their coalescence. The dipoles have two 
equal point electric charges of opposite sign, separated by a small distance.
Destabilization of this protective coating system is possible by means of metallic ions which are 
usually present in the cement system. Univalent metallic ions, such as those of sodium and potassium, 
have a relatively small effect upon the stability of the non-ionic latices, because they are present only in 
small quantities in the cement system. Bivalent metallic ions, on the other hand, such as calcium, which 
are present in massive quantities as a consequence of cement hydration, tend to cause rapid coalescence 
of the polymer particles [3.6]. This is considered in more detail in Chapter 7 and 8.
3J5 Determination of som e latex characteristics
3.6.1 Sampling
Because of the tendency of latex to cream or sediment upon standing, care must be exercised when 
taking representative samples from a bulk consignment.
In the laboratory, a sampling procedure similar to that outlined in BS3397 [3.7] was adopted. Three 
samples of 200 cm3 each were take, one at the centre of the container, another half-way between the 
centre and the bottom and the third half-way between the centre and the top. The samples were 
thoroughly blended in a drum by means of a motor driven stirrer (a Fann 35SA).
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3.6.2 Total solids content
The Total Solids Content (TSC) of a latex is defined as the percentage by weight of the whole which 
is non-volatile at a definite temperature in an open atmosphere. The term is something of a misnomer 
since not all the components of the non-volatile residue are necessarily solid at room temperature.
The general procedure according to BS6057 [3.8] is to weigh a lg  of latex into a flat bottomed dish 
(a microscope slide was used) and evaporate at a temperature of 105°C until the sample reaches a 
constant weight, usually in about 3 hours. If W0 is the initial sample weight and W is the weight of the 
residue, then the TSC is calculated as rrxlOO.
w  o
The TSC was determined as the average of three specimens for each type of polymer latex system. 
In general, the TSC values determined by the above method and, as shown in Table 3.5, are very close 
to the value given by the manufacturers.
Table 3.5. Total solids contents and water absorption of the different polymer systems.
Type of 
polymer
SBR(I)
SBR(II)
Acrylic
Total solids content 
(% by weight)
manfacturer
50
47
47
determined
48
47
46
Water absorption 
(% by weight)
3d 7d I 28d
29 31 31
16 19 45
52 67 >100
3.6.3 Water absorption of different polymer systems
The general procedure outlined in Sections 3.6.1 and 3.6.2 was adopted for preparing the polymer 
film for water absorption tests. After drying the latex sample of size 25x65x03mm to a constant weight 
at a temperature of 105°C, the specimens were immersed in a 20mm depth of water and the weight gain 
was recorded at 3,7 and 28 days. The number of specimens for each type of polymer latex was three 
and the average was tabulated.
In general, as shown in Table 3.5, the polymer itself favours water absorption and this causes swelling. 
The water absorption of the dried polymer film is generally very high for all the polymer systems and 
is markedly so for the acrylic polymer film.
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One of the most important observations from this test is that the water absorption and consequently 
the swelling of the polymer film causes loosening and separation of the polymer film from microscope 
slide. The film had been affixed strongly to the slide surface after drying and before immersion in water.
3.7 Mechanical properties of dried film
One of the most convenient methods for assessing the differences between various polymer latices 
and the effects of compounding and processing variations upon the characteristics of a final latex product 
is to dry thin films from the latex, and then determine the mechanical properties of the film. The 
properties which were determined were the tensile stress-strain behaviour, modulus-temperature 
relationship and glass transition temperature.
■3,7.1 Preparation of films
A thin sheet of latex was prepared by simply allowing the latex to flow over a flat surface and, 
subsequently, to dry. A specially manufactured mould was used, which consisted of a perspex plate, 
around the edges of which had been cemented thin strips of perspex to retain the thin film of latex, 
approximately 3mm thick, whilst it was still fluid.
The glass plates were then covered with wet cloth for about 6 hours to retard the initial stages of 
drying of the film, and so to avoid cracking and other irregularities. The samples were then left to dry 
in ambient laboratory conditions for 5 to 7 days when they were cut to shape and tested.
3.7.2 Determination of polymer film properties in direct tension
The tensile stress-strain curves were obtained from a dumb-bell shaped specimen cut from the 
polymer sheet to the dimensions shown in Figure 3.7.
An Instron 1122 machine provided the main test facility. The load scale was calibrated using the 
Instron’s internal reference calibration facility. Load was applied using a constant cross-head speed 
of 5mm/min. Strain was measured by cross-head displacement.
From each of three specimens tested for a particular type of polymer latex, the stress-strain curve 
was obtained and the average curve was plotted. Toughness was also measured as the area under the 
stress-strain curve.
-44-
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Figure 3.7 : Dimension of the  D um b-bell specim ens used  in
polymer tensile te s t
3.7.3 Results of tensile tests
The tensile properties of the various polymer systems can be see clearly in Table 3.6 and Figure 3.8. 
Table 3.6. Tensile properties of different polymer systems.
Type of 
polymer
Tensile
strength
(N/mm^)
Strain 
capacity at failure 
(%)
Toughness
(N.mm/mm^)
SBR(I) 0.15 59.7 7
SBR(II) 0.60 138.9 70
Acrylic 0.48 268.2 93
The tensile stress-strain curves are different from one type of polymer to another. Even in one 
particular class like the SBR polymers, a different tensile behaviour can be found, although these polymer 
systems had nearly the same formulation (styrene-butadiene ratio of 60:40 for SBR(I) and 66:34 
for SBR(H)). The formulation can exert significant control over the nature of the cured product by 
changing some of the components of the polymer latices. The higher styrene content of SBR(H) produces 
a stiffer dried film with greater tensile strength. However, another important reason for the higher 
ultimate tensile stress and strain capacity of SBR(H) over that of SBR(I) polymer is related to the fact 
that SBR(H) polymer has a higher glass transition temperature (7g) in comparison to the SBR(I) 
polymer (as will be discussed later). The polymer strength, modulus of elasticity and toughness, at room 
temperature, increase with an increase in Tg value of the materials.
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The acrylic polymer shows an ultimate strength value between that of SBR(I) and SBR(II), whereas 
the strain capacity is much higher than that of the SBR polymers.
3.7.4 Modulus-temperature relationship and glass transition temperature
Since part of the experimental programme was to examine the effect of test temperature on the 
compressive properties of latex-modified mortar, and because of the high sensitivityof polymeric 
materials to temperature changes, it is necessary to determine the characteristics of the polymeric 
material at a specific temperature and its glass transition temperature.
Although polymer latices used in cement systems for structural application are not necessarily 
required to withstand intense heat, it is necessary at least to withstand small temperature changes, and 
in particular to typical temperature variations which may be met in service, e.g. -10°C to 50°C, without 
significant change in their structural performance. Provided users are aware of the polymer latex 
characteristics and its limits, which vary considerably from one latex formulation to another, then safe 
and reliable structural application of the materials can be accomplished.
3.7.5 Dynamic Mechanical Thermal Analyser
A Dynamic Mechanical Thermal Analyser (DMTA) (Figures 3.9 and 3.10) was used to determine 
the dynamic modulus at different temperatures and the glass transition temperature of the polymer 
latex.
The analyser temperature could be varied from -150°C to +300°C, but a temperature range for 
testing the polymer samples was kept between -40°C to + 95°C. This range was thought to provide the 
most useful data. The sample was cooled down to -60°C instead o f-40° by means of liquid nitrogen 
pumped to the chamber surrounding the specimen. This initial temperature is to ensure that the specimen 
will be at the right temperature (-40°C) when the recording started, according to the DMTA user 
recommendation. The rate of temperature change around the sample could be adjusted between 0.1°C 
per minute to 20°C per minute, following which the temperature would increase automatically.
The most convenient sample for testing was a small bar 50x10x3mm in size which was cut from the 
thin polymer sheet prepared earlier (Section 3.7.1). After accurately measuring the sample it was
mounted in the m echanical head of the DMTA.
- 4 8 -
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carefully located into the clamping frame support (Figure 3.11). The dimensions of the sample and the 
distance between its support was dialled into the analyser. The environment control head of the DMTA 
was then clamped to its support (Figure 3.12).
The centre clamp shown in Figure 3.11 was connected directly to a central drive shaft which could 
apply sinusoidal current of known magnitude to the centre of the sample while its ends were held in 
place. The frequency of vibration via the shaft applied to the sample could be altered in the range 0.3Hz 
to 90Hz, by adjusting the frequency of the sinusoidal current. The amplitude of the displacement 
undergone by the sample at its mid-point was recorded by a displacement transducer (Figure 3.12) and 
the force required to cause the displacement was established from the vibration current and the modulus 
value automatically calculated.
For the samples tested a frequency of 1Hz was selected and the rate of temperature change was 5°C 
per minute. Temperature of the environment near to the sample was recorded by a platinum resistance 
thermocouple, the output of which was displayed digitally on the analyser before being fed into the 
x-axis channel of a Byran series 2600 x-yy chart recorder. The modulus output, in the form of log(E), 
and the value of tan(<5) (energy lost/energy stored) were fed into y i and y2 channels of the chart recorder.
At least three specimens for each type of polymer were tested and the average values were tabulated 
and plotted.
3.7.6 Results of modulus-temperature relationship and glass transition 
temperature
The results from the test undertaken on the DMTA are shown in Table 3.7 and Figures 3.13 to 3.15.
Table 3.7. Dynamic modulus and glass transition temperature of different 
polymer systems.
Type of 
polymer
V
(°C)
• 
(§)
Dynamic mod 
@0°C
ulus (N/mm  ^
@20°C @50°C
SBR(I) 19 18.4 4823 13.6 1.6
SBR(n) 33 24.7 817.5 668.3 2.4
Acrylic 37 10.6 211.3 167.9 1.4
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not to s c a le , 
vertical 
I— horizontal
.s tain less s tee l damping fram e
[
sample clamping b ars
J  sample
TOP VIEW
.dam p n u tsi m  C ILO ,sample
.M3 s tu d s '
.sta in less steel clamping fram e
.Aluminium drive clamp
.drive shall
displacement axis
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Figure 3.12: M echanical m easu rin g  k ea d  of tlie  DMTA.
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In general, the glass transition temperature of the polymeric materials depends on the polymeric 
type and varied between 19°C for SBR(I) polymer latex and 37°C for acrylic polymer.
Since the glass transition temperature is a unique property for each type of organic polymer due to 
their chain-like, cross-linked molecular structure, type of surfactant used in the latex and molecular 
weight of the monomers, it is easier to discuss the general behaviour exhibited by the various polymers 
in terms of three regions: glassy state region (i.e. below 7g), transition region (i.e. at 7g) and rubbery 
state region (i.e. above 7g) (Figures 3.13 to 3.15)
When the polymeric material below its Tg value is heated, it will undergo a fairly sharp transition 
from a hard, glass-like and tough material to a softer, flexible, rubber-like material. The dynamic 
modulus, in the glassy region, decreases very slowly as the temperature increases, whereas damping 
(tan(<5)) slightly increases with the rise in temperature. This behaviour below the Tg value is related to 
the frozen molecular motion of the polymer chains and the ability of only relatively small groups of 
atoms to deform and move against the local restraints. Thus modulus is high and the polymer has nearly 
perfect elasticity i.e does not dissipate any energy stored in terms of heat.
In the transition region, the dynamic modulus decreases sharply within a short temperature interval. 
The polymer, in this region, is semi-rigid and has a leathery feel. The damping, on the other hand, is 
high because some of the molecular chain segments are free to move while others are not.
At a temperature above the transition region, the polymer is a rubber with a dynamic modulus which 
becomes relatively independent of temperature. The modulus may take another drop as for the acrylic 
(Figure 3.15) at still higher temperatures due to the increasing role of the viscous flow. The damping 
in this region is low again. Also in this region, the molecular segments are not frozen in but are very 
free to move, so the modulus is low. Thus, if chain segments are completely frozen in (temperature 
below Tg) or are completely free to move (temperature above 7g), damping is low.
With these results in mind, there appears to be a relationship between the Tg value of the polymeric 
materials and the tensile properties of the polymer film. The strain capacity of the polymer film in direct 
tension at a temperature of 20°C (Figure 3.8) generally increases with the increase in Tg value. In other 
words, a polymer film at temperature of 20°C and in the region of glassy state (i.e. acrylic or SBR(II))
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has a tensile strain capacity and hence toughness higher than that of a polymer film in the transition 
region (i.e. SBR(I)). Thus, the lower tensile strength, strain capacity and toughness of the SBR(I) 
polymer film can be attributed mainly to its low Tg value.
3JS Water conductivity of the polymer system
A simple experimental procedure was adopted to examine the water conductivity of the polymeric 
materials. The procedure involves cutting a polymer film of size 80x20x3mm from the polymer film 
prepared earlier (Section 3.7.1), and suspending it in a container with water 30mm deep so that a 30mm 
length of the specimen was in water. Examination of the polymer film over a period of 28 days revealed 
that only the portion of the polymer film which had been in direct contact with water underwent swelling. 
The section of the polymer specimen which was in air remained dry and unaffected.
&2 Conclusions
(1) The measurements of the total solid contents of the polymer latices confirmed the values given 
by the latex manufacturers.
(2) The water absorption properties of the polymer films is generally high for all the polymers tested.
(3) The tensile strength of all latex polymer films tested is very low, whereas the strain capacity at 
failure at 20°C is generally very high and seems to increase with an increase in the Tg value of the 
polymeric materials.
(4) The dynamic modulus of the polymeric materials tested is sensitive to the effect of relatively small 
temperature changes. This is particularly true in the transition region.
(5) The Tg values of the polymer films tested are in the range 19°C to 37°C.
(6) The polymer films are not water conductive and its direct contact with water will result in local 
swelling of the material only.
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Chapter 4 
Experimental Techniques for Testing Mortars
4J. Production of plain and polymer modified mortars
4.1.1 Materials
The materials used in this study are listed below together with a short description of their major 
constituents.
Cement
A standard ordinary Portland cement was used. Characteristics of the cement are shown in Table 4.1. 
An analysis of the cement is given in Appendix A.
Table 4.1. Characteristics of the cement
Specific
gravity
Specific
surface
Setting time 
(mins)
Compressive strength 
(N/mm2)
area
(cm2/g) Initial Final 3d 7 d 28 d
3.15 3730 100 135 23.5 32.5 44.0
Sand
Natural river sand of a maximum particle size of 5mm, specific gravity 2.65 and water absorption to 
saturated surface dry condition of 1.56% was used for the mortars tested. The sieve analysis is shown 
in Figure 4.1. The fineness modulus of the sand was 2.65, and according to BS882 [4.1] it could be 
classified as zone 2 sand.
sample 
upper limit 
lower limit
(Zone 2)
<150jun 150jun 300jua 600jum 1.18mm 2.36nun
S iev e  S iz e
Figure 4.1 : Sieve analysis of the sand used in  m ortars.
Polymer latices
Three commercial polymer cement modifiers, two kinds of styrene butadiene rubber and one acrylic 
latex were used. Some properties of the latices have been discussed in Chapter 3. Properties given in 
the suppliers literature are quoted below in Table 4.2.
Table 42. Properties of polymer dispersions.
Type of 
polymer
Total solids 
(%)
Specific
gravity
(@20°C)
Viscosity
(mpoise
@23°C)
PH
SBR(I) 50 1.02 75 15
SBR(II) 47 1.00 70 10.0
acrylic 47 1.05 5000 8.0
Superplasticizer
80
A melamine formaldehyde superplasticizer commercially known as "Melment" was used (supplied 
by Hoescht Chemicals).
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4.1.2 Mix proportions of mortars
Details of the mix proportions for the experimental study are given in Table 43. The free water 
content of the control plain mortar to produce a required "normal" consistency mortar was determined 
using the modified Vicat apparatus according to ASTM C807-83 [4.2].
Table 43. Mix proportions of mortars.
Type of mortar W/Ca
(%)
P/C
(%)
S/Cb
(%)
Cement:
sand
plain 43 0 0 1:23
super­ 30 0 1 1:2.5
plasticized 20 0 3 1:2.5
series 30 10 0 1:23
(I) 25 15 0 1:2.5
SBR(I)- 20 20 0 1:2.5
modified series 43 10 0 1:2.5
(H) 43 15 0 1:2.5
43 20 0 1:2.5
SBR(II)- series 37 10 0 1:23
modified (i) 27 15 0 1:2.5
22.5 20 0 1:23
series 28 10 0 1:2.5
00 27 15 0 1:23
acrylic- 27 20 0 1:2.5
modified Series 43 10 0 1:2.5
(n) 43 15 0 1:23
43 20 0 1:2.5
J free water/cement ratio 
b superplasticizer(Melment)/cement ratio
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A modified Vicat apparatus, with mortar confined in the mould under the movable rod with an end 
plunger of diameter of 17.5mm, is shown in Figure 4.2. A mortar has a "normal" consistency when the 
rod settles to a point 20 ± 4mm below the original surface in 30 seconds after being released.
For SBR(I) and acrylic latices, two series of latex-modified mortars were used:
Series (I): with varying water-cement (W/C) ratio to give the same consistency as the
control plain mortar for different polymer-cement (P/C) ratios. The consistency was
measured using the modified Vicat apparatus.
Series (II): with a constant water-cement ratio such that a varying consistency was
obtained for different polymer-cement ratios.
For SBR(II) latex, only the varying water-cement (normal consistency) series was used.
The water content of the polymer dispersion was taken into account in calculating the water contents 
of the mixes.
The above basis for comparison is adopted to examine not only the effect of the lower water-cement 
ratio usually obtained for a latex-modified cement system, but the effect of polymer itself, by using 
mortar mixes with constant water-cement ratio and varying polymer-cement ratio.
4.1.3 Preparation of specimens
A standard mixing procedure was adopted using a pan-type "Hobart" mixer as shown in Figure 4.3 
and according to BS4551 [4.3]. The oven-dried sand was first mechanically mixed for 30 seconds with 
a quantity of water sufficient to bring the sand to a saturated surface dry condition. The cement was 
then added to the wet sand and the materials were remixed for further 30 seconds.
In case of plain mortar, the free water was mixed continuously with the sand and cement for 3 minutes. 
For plain mortar with superplasticizer the free water was first mixed with the sand and cement for 
90 seconds, followed by the addition of superplasticizer and continued mixing for a further 90 seconds. 
In case of latex-modified mortar, the polymer dispersion and free water were added simultaneously to 
the sand and cement while mixing. The mixing time was also kept constant at 3 minutes. The fixed time 
of mixing was adopted to try to ensure uniform air entrainment in all mixes.
Figure 4.2 : Vicat ap p a ra tu s .
- 6 0 -
Figure 4.3 : H obart m ixer.
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For each mix, specimens for different property measurements were cast and compacted by vibration 
rather than tamping. The time adopted for compacting the specimens was about 2 minutes.
All specimens were stored at 20°C and about 95% R.H. during the first two days following casting. 
Following this initial conditioning, the moulds were stripped and the specimens were stored under the 
appropriate curing condition (see Section 4.3.1). The curing age at the time of testing was counted from 
the time at which the mixes were cast in the moulds.
4.1.4 Modified mixing method "premixed procedure”
In an attempt to obtain the best possible bond between the sand and polymer latex, some specimens 
containing SBR(II) latex at polymer-cement ratio of 0.2 were cast using a different mixing procedure. 
The dry sand was first mixed with a quantity of water sufficient to bring it to saturated surface dry 
condition and with the latex for 60 seconds. Cement was then added and mixing continued for a further 
90 seconds.
4 £  Test procedures bn fresh mortar 
4.2.1 Density and air contents
The standard methods included in BS4551 [4.3] for estimating the density of fresh mortar and 
measuring its air content using density methods were adopted.
4.2.2 Setting time test
Setting tune tests of all mixes were carried out using the modified Vicat apparatus according to the 
procedure specified in ASTM C807-83 [4.2] with the exception that latex-modified mortars of series(H) 
were not at the "normal" consistency for mortars specified by the ASTM code.
The setting time was determined on specimens stored in the fog room immediately after compaction 
in the Vicat mould. Then using the modified Vicat apparatus equipped with a needle of 2 mm in 
diameter, the penetration of the needle was measured at time intervals until a penetration of 10 mm is
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obtained for initial setting and nearly zero penetration for final setting. The difference in minutes 
between the time of contact of cement and water in the mortar mixing procedure and the time of 
penetration of 10 mm and 0 mm are the initial and final setting times respectively.
4*3 Test procedures on hardened mortars
4.3.1 Curing conditions of specimens
Two curing conditions were used in this investigation, "wet" and "dry" as shown in Table 4.4. The 
term "wet" applies to curing in a fog room at 20°C and about 95% RH. Curing in the fog room was 
originally selected for this work since this represents the best possible curing conditions, for mortar, 
which can be obtained in the field. The term "dry" applies to curing in the laboratory air at 20 ±3°C 
and 50-60% RH. This curing condition is considered to give the best results for the polymer effect 
according to the principle of film formation.
Table 4.4. Curing conditions of mortar specimens.
Curing
condition First 2 days
Curing stage
Subsequently
W In Mould Fog Room (20°C, 95% R.H.) 
"Wet"
D In Mould In Air (20 ± 3°C, 50-60% R.H.) 
"Dry"
It should be kept in mind that all specimens were at 20°C and 95% R.H. during the first two days 
to ensure good hydration of the cement.
4.3.2 Determination of the bulk density of hardened mortar
The dry bulk density (DBD) and the saturated bulk density (SBD) of hardened mortar were evaluated 
according to the procedure specified in BS4551 [4.3].
Two 100 mm cubes which had been cured for 28 days in one of the curing conditions (Table 4.4) 
were sawn into 25 mm thick slices and immersed in distilled water for 24 hours. The specimens were
suspended by means of a wire stirrup and weighed whilst completely submerged in a tank of water 
placed on the balance pan. The specimens were then dried to a constant mass at 110°C. The DBD 
and SBD of the specimen were calculated from:
___ weight of sample a t  constant m ass ,DBD  ------  ^ ,---------------------------------------  x  density  of w aterweight in air -  w eight of w ater
___ w eight of sample in a ir . _ ,SBD “  , ■ , — ;-r :— x density  of w aterw eight in a ir -  w eight in w ater
4.3.3 Determination of compressive strength
Compressive strength testing was carried out using a Denison T60C machine at a loading rate of 
100 kN/min on 70.7 mm cubes according to BS4551 [4.3]. The number of specimens for each test at a 
particular age was three except for the test at an age of 2 days which consisted of two specimens.
4.3.4 Determination of modulus of elasticity in compression 
and Poisson’s ratio
The modulus of elasticity and Poissons’s ratio of mortars were determined from three specimens of 
a size of 40x40x160 mm using an Avery machine at a loading rate of 10 kN/min.
The longitudinal strain was measured over a gauge length of 50 mm by means of two Linear Variable 
Differential Transformers (LVDT’s), clamped between steel mounting blocks glued to the opposite 
faces of the specimen immediately prior to the test. The transverse strain was measured by a pair of 
20 mm long electrical resistance strain gauges attached to the mid-height of the specimen
The output of the load cell was plotted against the individual and average longitudinal strain on two 
separate Bryan series 2600 A3 x-yy recorders, and against the average transverse strain on a third chart 
recorder. The test facility and details of specimen are shown in Figures 4.4 and 4.5.
The procedure outlined in ASTM C469-83 [4.4] was adopted to measure the modulus of elasticity 
and Poisson’s ratio with the exception that the specimens were loaded until failure and the secant 
modulus and Poisson’s ratio were determined at a stress level of 40% of ultimate compressive stress.
Properties of the mortar in compression were determined at the age of 28 days and average values 
of three specimens were tabulated and plotted.
Figure 4.5 : Details of com pression specim en.
Figure 4.4 : Complete com pression test  rig.
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4.3.5 Temperature dependence of properties in compression
Unlike the traditional materials of construction, the physical properties of polymers are markedly 
affected by small temperature changes, and, in particular, by in-service variations e.g. -10°C to 50°C. 
Furthermore, a 20°C to 30°C variation in temperature may transform a material which is hard and strong 
at 20°C, to one which is hard but brittle at 0°C, or very much softer and weaker at 50°C. This behaviour 
of a polymer material is associated with its glass transition temperature (Tg), and the 0°C and 50°C 
represents temperatures which are lower and higher than the 7g values (see Section 3.6.7). Obviously 
the effect of such changes on the properties of the latex-modified mortar should be assessed.
In order to judge the influence of temperature on the behaviour and manner of failure of the plain 
mortar, in general, and the latex-modified mortar in particular, prism specimens of40x40x160 mm were 
produced and cured (as in Table 4.4). At the age of 28 days two specimens were conditioned for 48 hours 
at 0°C and two for 6 hours at 50°C. The test procedure outlined in Section 4.3.4 was used for measuring 
the compressive strength and modulus of the mortar.
Plain, SBR(I)-modified and acrylic-modified mortars were chosen with polymer-cement ratios 
of 10% and 20%.
4.3.6 Determination of properties in direct tension
Some initial tensile testing was carried out using a strain-gauged tensile specimen of a size shown 
in Figure 4.6(a). The use of a pair of conventional 20 mm long electrical strain gauges attached to the 
mid-height of the specimen and similar to those used in compression, proved to be satisfactory and 
necessary because of the small size of the specimen. Nonetheless, some difficulty was experienced in 
gripping this type of specimen. Another specimen size (as shown in Figure 4.6(b)) and gripping 
technique were therefore adopted. The size of this specimen allowed LVDT’s to be used for measuring 
the strain. The LVDT’s were clamped between steel mounting blocks glued to the opposite faces of 
the specimen immediately prior to the test. A gauge length of 50 mm was used and the outputs from 
the individual LVDT’s and the average were input to two separate x-yy chart recorders identical to 
those used in compression testing.
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All dimensions 
In (mm)
120
220
7 0
[38
130
3 0 0
F igure 4*6 : D im ensions o f th e  sp ec im en s u sed  in  m o r ta r
ten s ile  te s t .
An Instron 1122 machine provided the main test facility and a specimen is shown under test in 
Figure 4.7 and 4.8. The load scale was calibrated using the Instron’s internal reference calibration 
facility. Load was applied using a constant cross-head speed of 1 mm/min. The extensometer was 
calibrated in a micrometer bench before each days testing. Also prior to testing, the width and thickness 
of the specimen were measured using a caliper gauge to an accuracy of 0.01 mm.
From each of the three specimens tested at the age of 28 days, the stress-strain relationship was 
obtained and the secant modulus of elasticity was determined at 40% of ultimate tensile strength. 
Toughness was also measured as the area under the stress-strain curve. The average values of the three 
specimens tested were tabulated and plotted.
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4.3.7 Determination of the flexural strength
The flexural tests were preformed on 40x40x160 mm prisms, tested in three point bending simply 
supported on rollers over a span of 100 mm. The rollers at the supports were free to rotate about the 
spindle, thus reducing the frictional forces between the supports and the specimen. The load was applied 
via a ball and socket to ensure uniform distribution of the load.
The test jig was positioned in the Instron 1122 test machine as shown in Figure 4.9. The specimen 
was positioned in the test jig with the trowelled face to one side. Load was applied using a calibrated 
load-cell at a constant cross-head speed of 1 mm/min. The tensile strain was measured by a 20 mm long 
electrical resistance strain gauge bonded centrally on the tensile face. The number of specimens tested 
was two at 7 days and three at 28 days.
4.3.8 Length changes of hardened mortars
Measurement of the early age length change according to ASTM 157-87 [4.5] was adopted to assess 
the mortar expansion and contraction. In addition, the weight of the specimen was monitored as a 
measure of the water repellency and retention according to the curing conditions. Specimens measuring 
40x40x160 mm were prepared. The specimens were de-moulded after 2 days in the fog room and the 
original length and weight measured. The specimens were either in condition "W" or "D" as in Table 4.4, 
and the length and weight recorded at intervals over a period of 2 months. Three specimens were 
measured for each mix at a particular curing condition, and the average of the observations was taken.
4.3.9 Water absorption
Cubes of 100 mm size which had been cured for 28 days in one ofthe two curing conditions (Table 4.4) 
were sawn into 25 mm thick slices and tested in two ways:
Method (1), According to BS1881 [4.6]: The specimen is oven dried at 105°C, then 
immersed in water for two days and the weight gain recorded at 24 and 48 hours.
Method (2), "Capillary absorption test": The slices were conditioned for 7 days at 
50% RH. The selected face was then placed on top of a saturated coarse-porous sponge, 
which is itself placed in a tray of water, with the water surface level with the sponge top.
- m
Figure 4.9 : Details of th e  th re e  p o in t te s t  rig .
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The tray with water and specimen was covered by a polythene film so that evaporation 
due to draughts was hindered. Details of the test set-up are shown in Figure 4.10. The 
weight gain of the specimens was recorded at 10,30,60,120,240,480 minutes etc., and 
longer intervals from the start of the test. The contact surface was wiped once with a 
moist cloth before weighing. After 72 hours the specimens were submerged in 50 mm of 
water for 24 hours, before the final weighing.
25mm thick 
mortar slice
Polythene film 
  cover
n
E a ra q * _________ _
40mm thickness 
of porous spange
40mm water
Figure 4.10 : Capillary absorption test.
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Chapter 5 
Properties of Plain and Latex-Modified Mortars 
- Results and Discussion
5J. Introduction
This chapter reports the results of the comprehensive series of tests carried out on plain mortar, 
superplasticized mortar and three types of latex-modified mortar.
The advantages derived by the use of latex incorporation in mortar as a water reducer and as an 
admixture to improve the properties of plain mortars are studied by means of six mixes. Some mixes 
have constant water-cement ratio and varyingpolymer-cement ratio (series(II)) while others have varying 
water-cement ratio to give mortars of the same consistency (series(I)). Mixes are subjected to dry (D) 
and wet (W) curing conditions.
5.2 Properties of fresh mortars
5.2.1 Consistency
Figures 5.1 and 5.2 show the relationship between water-cement ratio and polymer-cement ratio or 
superplastitizer-cement ratio for mortars of the same consistency.
Modified mortars of the same consistency need less water than the plain mortar, and therefore might 
be stronger. The water reduction is influenced by the latex types; for SBR latices the water-cement 
ratio markedly reduces as the polymer-cement ratio increases. A polymer-cement ratio of 20% reduces 
the water-cement ratio required for normal consistency by about 50%. Increasing the polymer-cement 
ratio above 10% for acrylic-modified mortar has a very small effect on the required water-cement ratio.
The amount of water reduction achievable with a particular superplasticizer depends on the dosage. 
A superplastidzer-cement ratio of 3% reduces the water demand by 50% as shown in Figure 5.2.
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Finally, the latex-modified mortars of series(II) (constant water-cement ratio) have the advantage 
of flowing and self-levelling properties. On the other hand, there is danger of segregation of the mortar 
and some bleeding was noticed in this series.
5.2.2 Setting time
The results of setting times are shown in Table 5.1, and the characteristics of setting using the Vicat 
apparatus are shown in Figures 53 to 5.5.
Table 5.1. Setting times of mortars*
Type of 
mortar
W/C
(%)
P/C
(%)
Settin
(m
Initial
gtime
ns)
Final
plain 43 0 156 165
SBR(I)-
modified
series(I)
30 10 363 401
25 15 356 365
20 20 317 326
series(II)
43 10 224 240
43 15 309 325
43 20 385 416
plain 43 0 146 165
SBR(U)-
modified
series(I)
37 10 304 330
27 15 265 300
225 20 220 250
plain 43 0 150 170
acrylic-
modified
series(I)
28 10 242 270
27 15 276 304
27 20 302 330
series(II)
43 10 428 480
43 15 580 621
43 20 780 862
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unapter d
In general, the initial and final setting times of latex-modified mortar are delayed to some extent in 
comparison with plain mortar and this trend is dependent on the polymer type, polymer-cement ratio 
and water-cement ratio.
For series(II) latex-modified mortars of the same water-cement ratio, the setting time increases 
markedly with the increase in polymer-cement ratio. The SEM and hydration study on latex-modified 
cement paste (Chapter 6 and 7) reveal that the hydration of cement is inhibited by polymer film formation 
around the cement particles and lack of space available for the products of hydration. The retarding 
of the cement hydration is higher in acrylic-modified cement paste in comparison to that of SBR-modified 
paste, and this characteristic is reflected by the increased setting time of acrylic-modified mortar over 
that of the SBR-modified mortar.
For series(I) tests the variation of the polymer-cement ratio from 10% to 20%, in general, has only 
a small effect on setting times of latex-modified mortar, which for SBR-modified mortars, decrease as 
the polymer-cement ratio increases. The reason for this is that any increase in setting time due to the 
retarding effect of the latex is offset by the decrease in water-cement ratio of the mix, tending to accelerate 
the set. For the acrylic-modified mortar in series(I) the change in water-cement ratio due to increasing 
polymer-cement ratio is small, so higher polymer-cement ratios lead to longer setting times.
5.2.3 Air entrainment
The results of the air content of fresh mortar are shown in Table 5.2 and Figure 5.6.
The total volume of entrained air in mortar, in general, depends on many factors such as mixing and 
consolidation time, water-cement ratio, type and content of surfactant and anti-foaming agent [5.1,5.2]. 
The first two effects were kept reasonably constant, so the quantity of air entrainment will be a function 
of the other three factors.
Latex-modified mortars generally entrain more air than a plain mortar of the same consistency. This 
is most marked with the SBR(I)-modified mortars. The acrylic-modified mortars actually show a slight 
decrease in air content at polymer-cement ratios of 10% and 15%. Increasing the polymer-cement ratio 
from 10% to 20% has little effect on air entrainment.
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Table 5.2. Batch data and air content of mortars.
Type of 
mortar
Mb
W/C
cpropor
(%)
P/C
tion
A/C cement
Mix q 
(kg/ 
aggregate
uantity
'm3)
water polymer
Unit
weight
(kg/m3)
Air
content
(%)
plain 43 0 2.5 564 1411 243 0 2218 4.6
series 30 10 25 563 1408 169 56 2196 6.6
(I) 25 15 25 564 1410 141 85 2200 6.5
SBR(I)- 20 20 25 560 1400 112 112 2184 7.2
modified series 43 10 25 543 1358 234 54 2189 2.9
(H) 43 15 25 535 1336 230 80 2181 1.8
43 20 25 518 1296 223 104 2141 2.2
plain 43 0 25 557 1391 239 0 2187 5.9
SBR(II)- series 37 10 25 538 1345 199 54 2136 6.9
modified (I) 27 15 25 556 1387 150 83 2176 6.6
22.5 20 25 558 1394 126 112 2190 6.0
plain 43 0 2.5 565 1412 243 0 2220 4.5
series 28 10 2.5 586 1466 164 59 2275 4.0
(D 27 15 25 571 1427 154 86 2238 4.1
acrylic- 27 20 25 550 1375 149 110 2184 5.4
modified series 43 10 25 559 1397 240 56 2252 0
(H) 43 15 25 544 1359 234 82 2219 0
43 20 25 531 1328 228 106 2193 0
Some air entrainment is useful to obtain improved consistency. However, an excessive amount of 
entrained air causes a reduction in strength and must be controlled by proper anti-foaming agents. The 
correct use of anti-foaming agents in latex formulation usually restricts the air content of the modified 
mortar to a maximum of 3% more than the plain mortar, and this is the case in Figure 5.6(a).
In fluidized latex-modified mortar, as in series(II), the surfactant in the latex facilitates escape of 
air. Typically 1% to 4% of air is lost in comparison to the plain mortar. No air entrainment was 
measurable for the acrylic-modified mortars because of their very fluid consistency (Figure 5.6(h)).
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5.2.4 Density of fresh mortars
The changes in density of mortar with polymer addition are shown in Table 5.2.
The density of fresh mortar, generally, depends on the polymer-cement ratio, water-cement ratio, 
air content and latex type. For latex-modified mortar of the same water-cement ratio (series(II)), the 
fresh density of the mortar, in general, decreases as the polymer-cement ratio increases, whereas for 
series(I) latex-modified mortars the density appears to depend on a number of factors. No clear 
relationship with polymer-cement ratio, for example, emerges.
5J3 Properties of hardened mortar
5.3.1 Hardened density
The density changes with latex addition are clearly shown in Table 5.3. Addition of polymer results 
in some cases in an increase of up to 11% in the dry and saturated bulk density compared to plain 
mortar.
Series(I) latex-modified mortars had similar densities for varying polymer-cement ratio, whereas, 
the densities of series(II) latex-modified mortars increased slightly with increasing polymer-cement 
ratio. The general increase in the density upon latex addition is due to the lower degree of hydration 
of the cement in latex-modified mortar in comparison to that of the plain mortar. The effect of curing 
on the densities is inconsistent and small.
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Table 53. Density of hardened mortars.
Type of 
mortar
w /c
(%)
P/C
(%)
Curing
condition
Bulk denj
' ' 0® 
dry
it^ 28 day 
saturated
plain 43 0 W 1684 1818
D 1672 1808
30 10 W 1864 1880
D 1849 1868
series 25 15 W 1881 1898
(I) D 1853 1874
20 20 W 1875 1882
SBR(I)- D 1883 1890
modified 43 10 W 1801 1830
D 1795 1855
series 43 15 W 1826 1868
(D) D 1809 1876
43 20 W 1874 1985
D 1835 1890
plain 43 0 W 1642 1793
D 1630 1783
37 10 W 1761 1879
D 1758 1882
SBR(II)- series 27 15 W 1811 1889
modified (I) D 1858 1934
223 20 W 1803 1874
D 1804 1871
plain 43 0 W 1613 1729
D 1605 1734
28 10 W 1816 1856
D 1819 1863
series 27 15 W 1796 1810
(I) D 1794 1815
27 20 W 1825 1837
acrylic- D 1853 1869
modified 43 10 W 1729 1814
D 1705 1772
series 43 15 W 1843 1879
(n) D 1813 1868
43 20 W 1868 1897
D 1829 1881
Chapter 5
5.3.2 Compressive strength
The results for compressive strength are shown in Table 5.4. In general, the latex-modified mortars 
examined show a noticeable decrease in the compressive strength compared with conventional mortar. 
This fact indirectly indicates the limited hydration of the cement when in combination with polymer 
latex.
Factors affecting the compressive strength
The strength properties of mortar are influenced by various factors which tend to interact with each 
other. The main factors discussed here are the mix proportions (i.e. polymer-cement ratio and 
water-cement ratio) and curing conditions.
Effect of polymer-cement ratio
Figure 5.7 shows the effect of polymer-cement ratio and curing condition on the compressive strength 
of mortars of the same water-cement ratio. Figures 5.10 and 5.12 show the effect of polymer-cement 
ratio on the rate of gain of strength.
The general trend in most of the results is that the compressive strength of latex-modified mortar 
decreases as a function of the increase in polymer-cement ratio under the two curing conditions. In 
addition, the latex-modified mortar is not as strong as the plain mortar even in the dry curing conditions 
which are considered to be ideal for improving the polymer adhesion and hardness within the structure 
of the polymer-cement system.
The rate of gain in strength of latex-modified mortar (as shown in Figures 5.10 and 5.12) is also 
affected by the polymer-cement ratio. Even in a carefully controlled humid curing condition, which is 
necessary for better hydration of the cement, the rate of gain of compressive strength is still lower than 
the plain mortar.
This general behaviour of the latex-modified mortar can be explained in terms of the hydration 
characteristics, as will be seen later, which reveal that latex addition significantly retards and decreases 
the degree of cement hydration, as the polymer-cement ratio increases.
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Table 5.4. Compressive strengths of mortars.
Type of w /c P/C Curing Compressive strength
mortar condition (N/mm2)
(%) (%) 2 day 7 day 28 day
plain 43 0 W 30.8 51.2 63.3
D - 53.2 61.9
30 0 W 54.6 773 87.1
super- D - 77.6 81.2
plasticized 20 0 W 56.8 74.6 87.4
D - 76.6 85.9
30 10 W 353 46.7 56.9
D - 48.3 63.4
series 25 15 W 333 43.6 50.7
(0- D - 463 61.4
20 20 W 29.5 393 48.9
SBR(I )- D v 39.8 55.2
modified 43 10 W 22.2 37.3 48.4
D - 38.7 55.2
series 43 15 W 193 31.7 43.0
(n) D - 32.6 50.2
43 20 W 15.5 26.5 37.3
D - 28.7 44.4
plain 43 0 W 27.1 51.8 61.5
D - 49.2 56.9
37 10 W 26.8 413 56.0
D - 47.6 56.3
SBR(II)- series 27 15 W 273 40.6 52.2
modmed 0) D - 46.8 56.8
22.5 20 W 113 39.8 50.1
D - 42.6 55.7
plain 43 0 W 33.9 55.2 68.0
D - 49.1 61.6
28 10 W 22.8 40.8 46.2
D - 45.6 59.9
series 27 15 W 15.1 373 47.0
(I) D - 42.1 55.8
27 20 W 10.2 28.4 32.4
acrylic- D - 32.6 44.9
modified 43 10 W 3.2 19.1 31.5
D - 11.6 26.2
series 43 15 W 0.2 10.4 18.7
(n) D - 6.4 21.9
43 20 W 0.7 10.9 18.3
D - 13.3 25.4
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Figure 5.8 shows the effect of polymer-cement ratio and curing condition on the compressive strength 
of mortar of normal consistency. Figu es 5.9 and 5.11 show the rate of gain of compressive strength 
for SBR(I) and acrylic-modified mortar respectively.
The effect of water-cement ratio on compressive strength can be seen by comparing strengths at 
the same polymer-cement ratios in Figures 5.7 and 5.8. The compressive strengths in Figure 5.8 are 
higher than in Figure 5.7 because the water-cement ratios of the mixes of normal consistency (Figure 5.8) 
are lower than the 43% water-cement ratio in Figure 5.7.
Effect of curing history on compressive strength
Figure 5.13 shows the effect of wet and dry curing (with corresponding wet and dry test states) on 
the 28 day compressive strength of mortar.
Wet curing increases the compressive strength of plain mortar and generally decreases the strength 
of latex-modified mortar. The compressive strength of latex-modified mortar after dry curing is, 
generally, superior to that of latex-modified mortar cured in humid conditions, but still in almost all 
cases lower than the compressive strength of plain mortar.
Effect of superplastlclzer on compressive strength
Figure 5.14 shows the effect of superplasticizer and curing condition on compressive strength of 
mortar of the same consistency.
Mortar with superplasticizer responds to the reduction in water-cement ratio by increases in the 2, 
7 and 28 day strengths in comparison to those of plain mortar. This ability of superplasticizer to reduce 
water requirement and achieve veiy high compressive strength is related to the fact, as will be seen later, 
that the superplasticizer present in the cement systems does not retard or inhibit the hydration of cement 
at the low percentage additions used. This contrasts with the water-reducing effect of latex addition, 
which does not result in increases in compressive strength, as Figure 5.13(a) indicates for mortars of 
the same consistency.
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5.3.3 Stress-strain relationship, modulus of elasticity,
Poisson’s ratio and ductility in uniaxial compression
For structural applications the stress-strain relationship, Poisson’s ratio and the value of ultimate 
strain in uniaxial compression are of great importance. Table 5.5 shows the properties of the mortar 
in uniaxial compression. Stress-strain relationship are given in Figures 5.15 to 5.19. For the sake of 
clarity data of longitudinal and transverse strains against the stress are plotted on the same graphs.
Latex-modified mortar contain polymers with considerably lower moduli of elasticity 
(£SBR(I) = 14 N/mm2, ^acrylic=670 N/mm2) than cement hydrate (£Cement= 20,000 N/mm2). 
Consequently their stress-strain behaviour is expected to differ considerably from that of plain mortar.
Figures 5.15 and 5.16 show the compressive stress-strain curves for SBR(I)-modified mortar and 
acrylic-modified mortar of the same water-cement ratio (43%, i.e. series(H)). It is apparent that both 
humid and dry-cured specimens deviate from linear elastic behaviour at lower stresses as the 
polymer-cement content of the mortar increases and that the compressive strength reduces with 
increasing polymer-cement ratio. Particularly marked reductions in compressive strength result from 
the acrylic latex addition. The polymer, in general, imposes upon the mortar some of its own properties, 
such as ductility and low strength, their magnitude depending on the polymer type and polymer-cement 
ratio. The acrylic polymer film which is characterized by significantly higher tensile extensibility 
(£ failure= 268.2%) and toughness (93 Nmm/mm2) than that ofSBR(I) film (£ failure=59.7%, 
toughness=7 Nmm/mm )^ generally results in a greater compressive stain at failure and ductility of the 
acrylic-modified mortar than that of SBR(I)-modified mortar.
Figures 5.17, 5.18 and 5.19 show the stress-strain curves for SBR(I)-modified mortar, 
SBR(II)-modified mortar and acrylic-modified mortar of normal consistency (series(I)). The decrease 
in the ultimate compressive strength as a result of the increase in polymer-cement ratio for mortar of 
the same water-cement ratio is offset in this series by the lower water-cement ratio. Generally, ultimate 
strengths in series(I) are higher than in series(II) at the same polymer-cement ratio, but are still lower 
than the plain mortar.
-92-
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Table 55. Properties of mortar in compression.
Type of 
mortar
W/C
(%)
P/C
(%)
Curing
condition
Compressive
strength
(N/mm^)
Secant
modulus
(kN/mm^)
Strain at 
failure 
(xlO-6)
Poisson’s
ratio
plain 43 0 W 47.8 29.8 2471 0.17
D 43.5 27.7 2800 0.17
30 0 W 713 365 2792 0.17
super­ D 56.2 34.4 2520 0.16
plasticized 20 0 W 73.1 433 2820 030
D 50.2 33.1 2808 0.18
30 10 W 37.9 30.1 2229 0.15
D 42.0 253 2826 0.14
series 25 15 W 34.9 27.0 2514 0.17
(I) D 39.7 245 3143 0.18
20 20 W 28.5 23.4 3243 0.23
SBR(I)- D 36.6 22.2 3725 0.17
modified 43 10 W 38.0 25.4 3375 0.18
D 40.8 233 3586 0.18
series 43 15 W 27.4 21.0 3086 0.20
(H) D 33.0 19.8 4006 0.18
43 20 W 21.8 18.1 3186 030
D 25.3 16.4 4429 0.18
plain 43 0 W 46.9 27.3 2809 0.12
D 40.1 21.7 3471 0.13
37 10 W 31.3 19.4 3200 0.13
D 38.8 15.8 4665 0.12
SBR(II)- series 27 15 W 37.8 20.8 4610 0.16
modified (I) D 41.0 16.7 6850 0.14
22.5 20 W 28.1 153 5190 0.16
D 363 13.4 7446 0.16
plain 43 0 W 52.8 335 2430 0.16
D 46.4 24.0 2925 0.17
28 10 W 40.8 27.1 4770 0.17
D 455 28.9 6250 0.18
series 27 15 W 30.4 17.8 7095 0.20
(I) D 37.8 18.4 6050 0.16
27 20 W 22.4 11.9 11100 0.18
aciylic- D 34.7 12.8 12210 0.19
modified 43 10 W 27.4 20.0 4950 0.15
D 25.4 15.7 8527 0.15
series 43 15 W 11.9 9.8 3750 0.12
(H) D 133 6.1 12950 0.19
43 20 W 12.7 8.9 7545 0.21
D 18.1 5.2 12593 0.19
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Figure 5.20 shows the influence of polymer-cement ratio and curing condition on the secant modulus 
of elasticity, which generally tends to decrease with a rise in the polymer-cement ratio. Humid curing, 
in almost all cases, tends to increase the modulus of elasticity of the mortar in comparison to dry curing, 
which is probably related to the moisture condition at test, rather than to different curing regimes.
The effect of the polymer type and polymer-cement ratio on the modulus of elasticity can be seen 
clearly by comparing the modulus of SBR(I)-modified mortar and acrylic-modified mortar of the same 
water-cement ratio (series(II)) (Figure 5.20(h)). In general, the SBR(I)-modified mortar shows a higher 
modulus of elasticity compared to the acrylic-modified mortar (although the modulus of the plain mortar 
in the acrylic series was higher than that of the plain mortar in the SBR series). This modulus increase 
of the mortar is strongly influenced by the hydrophilic characteristics of the polymer film. Acrylic 
polymer film has a considerably higher water absorption (>  100% by weight at 28 days) than mortar 
containing SBR(I) polymer film (water absorption =30% by weight at 28 days). Consequently, the 
polymer phase loses its adhesive properties inside the mortar structure, causing swelling of the mortar 
and a decrease in compressive strength, interaction and bond between the polymer phase and the 
hydrated cement particles and hence a decrease in modulus of elasticity.
Poisson’s ratio of the latex-modified mortar shows no strong direct relation with the polymer-cement 
ratio and its value varied between 0.12 and 0.23.
Superplasticized mortars
Figure 5.21 shows the effect of water-cement ratio on the stress-strain curve of superplasticized 
mortar in compression. Figure 5.22 shows the effects of water-cement ratio and curing condition on 
the modulus of elasticity of the mortar.
As expected, compressive strength and modulus of elasticity increase with decreasing water-cement 
ratio. In comparison, the compressive strength and modulus of elasticity of the series(I) latex-modified 
mortars decrease with decreasing water-cement ratio (Table 5.5 and Figures 5.17,5.18,5.19 and 5.20(a)). 
The above comparison confirms that the polymer phase in the latex-modified mortar of series(I) is 
responsible for strength and modulus decreases.
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5.3.4 The effect of temperature on mortar compressive properties
The influence of temperature on the compressive properties is shown in detail in Table 5.6. 
Figures 5.23,5.24 and 5.25 show typical stress-strain curves for the plain mortar, the SBR(I)-modified 
mortar and the acrylic-modified mortar respectively. The rest of the results are shown in Appendix B. 
Figures 5.26, 5.27 and 5.28 show the effect of curing condition and temperature on the compressive 
strength, modulus of elasticity and strain capacity at failure respectively.
The general effect is that compressive strength and modulus of elasticity reduce with increasing 
temperature, whereas the strain capacity at failure is influenced by the polymer type. For 
SBR(I)-modified mortar the strain at failure is slightly higher at 0°C and 50°C than at 20°C. Whereas, 
for acrylic-modified mortar, the strain capacity generally increases with the increase in temperature 
from 0°C to 50°C (Figure 5.28). The larger is the polymer-cement ratio, the more sensitive the material 
is to temperature change.
From the stress-strain curves, it can be seen that for the SBR(I)-modified mortar (Figure 5.24) there 
is little change in stiffness or strain capacity from 0°C to 20°, whereas for the acrylic-modified mortar 
(Figure 5.25) there is a marked reduction in the modulus of elasticity value as the temperature changes 
from 0°C to 20°C, with a further marked reduction at the temperature of 50°C.
Plain mortar
The temperature dependence of the compressive properties of plain mortar is related to the moisture 
content of the specimen at the time of test.
At temperature of 0°C, the frozen part of the pore water will increase the compressive strength and 
modulus of elasticity of the mortar in comparison to that at room temperature (i.e. 20°C). The increase 
is expected to be very small since complete freezing of all the water occurs only at very low temperatures 
of about -160°C [5.3,5.4].
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Table 5.6. Temperature effect on compressive properties.
Type of 
mortar
w/c
(%)
P/C
(%)
Curing
condition
Temperature
(°C)
Compressive
strength
(N/mm^)
Secant
modulus
(kN/mm^)
Strain at 
failure 
(xlO-6)
0 54.4 333 2762
plain 43 0 w 20 47.8 29.8 2471
50 45.1 30.8 3600
0 39.5 26.6 3000
43 0 D 20 43.5 27.7 2800
50 31.0 18.6 3180
0 54.9 31.8 3300
30 10 W 20 37.9 30.1 2229
50 34.6 20.3 2790
0 49.4 24.0 3780
series 30 10 D 20 42.0 253 2826
50 30.3 16.0 3600
0 35.7 23.8 5700
(I) 20 20 W 20 28.5 23.4 3243
50 113 10.4 6000
0 50.3 19.4 7560
SBR(I)- 20 20 D 20 36.6 22.2 3725
50 16.7 10.8 4140
0 48.2 22.4 4200
modified 43 10 W 20 38.0 25.4 3375
50 265 17.1 3800
0 42.6 183 4950
series 43 10 D 20 40.8 23.3 3586
50 23.4 12.1 4800
0 27.1 18.5 6780
(n) 43 20 W 20 21.8 18.1 3186
50 14.6 63 7200
0 28.9 14.5 8000
43 20 D 20 253 16.4 4429
50 12.5 6.9 11100
continued
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Table 5.6. Temperature effect on compressive properties (continuation).
Type of 
mortar
w/c
(%)
P/C
(%)
Curing
condition
Temperature
(°Q
Compressive
strength
(N/mm^)
Secant
modulus
(kN/mm^)
Strain at 
failure 
(xlO-6)
0 54.4 33.3 2762
plain 43 0 w 20 52.8 33.5 2430
50 45.1 30.8 3600
0 39.5 26.6 3000
43 0 D 20 46.4 24.0 2925
50 31.0 18.6 3180
0 56.6 39.0 3075
28 10 W 20 40.8 27.1 4470
50 40.2 19.3 5000
0 61.6 37.2 3601
series 28 10 D 20 45.5 28.9 6250
50 32.4 18.1 6800
0 34.0 19.3 8100
(I) 27 20 W 20 22.4 11.9 11100
50 15.4 7.9 11250
0 52.1 22.5 8550
acrylic- 27 20 D 20 34.7 12.8 12210
50 18.6 7.5 14640
0 42.7 28.9 3600
modified 43 10 W 20 27.4 20.0 4950
50 19.2 12.2 6180
0 35.9 19.7 8310
series 43 10 D 20 25.4 15.7 8527
50 18.2 10.1 9750
0 18.7 14.9 6000
(H) 43 20 W 20 12.7 8.9 7545
50 4.9 4.3 19200
0 23.1 11.4 9600
43 20 D 20 18.1 52 12592
50 8.8 3.7 21480
CDCD
<S>
CD
CM
CDCD
CO
CD
CD
CD
CD<5>
COin
a
U)o
QCH
CO
d  o
£
d o
o
1 “
.g
d
o
o
to
a
o 
S
SS381S 3AISS3MJ00 o
CD
CD
CD
CD
CM
CD
CD
CDCO
CD
CDin CDCO CDCMCDCO
eS
i s
3
CO
do
•Hddoo
d
• r t
a
dA
d•H
d
o
uo
OQ
c34->uo
00
( V M / H )  S S 3 H 1 S  3 A IS S 3 H d U 0 0
- 1 0 6 -
gos>cs>
GOCM
oin
GOCD
GO
GO CO GJCO
S5
t .  do o•<H "|H
w -3
d  ooQCH—
CO
.a
d
03
ao
03
13•Puo
a
( I 'M/N) SS3aiS 3AISS38dUQ3
CD
GO
GO(9CM
GO
G>
GOCM
GOG>
GO-CO
GOGO
GO
COGO
o
b
Qi
fe
PIo
33
$
do0
•d
1
.a
•d
o>
ao
os
a•P
<S
a
o
03
£a0 
d
‘3
*031
03
030)
a
03
I03
03
03
P.fOo
d0
0)1
0)
f
o
-po
.03«W«ww 
•  •
CM
in
03
CtO
•r-l
< f l w / N )  S S 3H 1S  3A IS S 3H dU 0G
SB
R
(I
)~
m
od
ifi
ed
 
m
or
ta
rs
 
wi
th
 
no
rm
al
 
co
ns
is
te
nc
y 
an
d 
P
/C
=2
08
. 
(a
)M
or
ta
rs
 
cu
re
d 
in 
hu
m
id
 
co
nd
it
io
n.
(b 
m
or
ta
rs
 
cu
re
d 
in 
dry
 
co
nd
it
io
n.
CD
CD
CD
CM
in
O'*
CD
CD
CD
CO
CD
CM
CD CD&COin
(£wu/N) SS381S 3AISS3&HI03
CDS3<D
CM
CD
CD
CD
CO
<D
CD
CD
CM
GD
CD
CD
CO
CD
CD
CD
CD
CDin CD GDCO
2 ao o•H *|H
5  3
3  § S  oI—
"  I*
.a
d
ao
n
a+>hO
S
ciC_
*6
a:
£
do•Ho  .p
b d
«  gO_ o
d
1
.a
d0)
ao
m
a.p
o
M'cd'
Po<H
m
2a0
1
«I
03
03
03
is
03
•H
03
03
©
foo
do
o
13
a
I
«Mo 
o a
*h  n
W -3• •in
CM
in
o
gbfi•f-l
(2 « ® /N >  S S 3 H 1 S  3 A IS S 3 8 d U 0 a
- 1 0 8 -
-m
od
ifi
ed
 
m
or
ta
rs
 
wi
th
 
no
rm
al
 
co
ns
is
te
nc
y 
an
d 
P/
C=
20
H
>.
(a
)M
or
ta
rs
 
cu
re
d 
in 
hu
m
id
 
co
nd
it
io
n.
(b
)M
or
ta
rs
 
cu
re
d 
in 
dry
 
co
nd
it
io
n.
CO
M
PR
ES
SI
VE
 
ST
RE
NG
TH
 
(N
/m
m
2)
 
CO
M
PR
ES
SI
VE
 
ST
RE
NG
TH
 
(N
/m
m
2)
humid curing 
^  dry curing
20% P/C=0%P/C=0%
0 20 50 0 20 50 0 20 50 0 20 50 0 20 50 0 20 50
TEST TEMPERATURE (° c )
PLAIN-MORTAR SBR(I)—MODIFIED PLAIN-MORTAR ACRYLIC-MODIFIED
(a)Mortars of the same consistency.
humid curing
dry curing
20% P/C=0%P/C=0%
0 20 50 ,0 20 50 0 20 50 0 20 50 0 20 50 0 20 50
TEST TEMPERATURE (° c )
PLAIN-MORTAR SBR(l)-MODIFIED PLAIN-MORTAR ACRYLIC-MODIFIED
(b)Mortars of the same W/C ratio.
Figure 5.26: Effects of temperature and polym er-cem ent ratio on 
compressive strength of latex-m odified mortar.
(a)Mortars of the same consistency.
(b)Mortars of the same W/C ratio.
- 1 0 9 -
SE
CA
NT
 
M
OD
UL
US
 
(K
N
/m
m
2)
 
SE
CA
NT
 
M
OD
UL
US
 
(K
N
/m
m
2) 20% P/C=0%P/C=0% 10%
If
HI
20%
humid curing 
dry curing
0 20 50 0 20 50 0 20 50 0 20 50 0 20 50 0 20 50
TEST TEMPERATURE (°c )
PLAIN-MORTAR SBR(l)-MODIFIED PLAIN-MORTAR ACRYLIC-MODIFIED
(a) Mortars of the same consistency.
20% P/C=0%P/C=0%
humid curing 
dry curing
20 50
PLAIN-MORTAR
20 50 0 20 50 0 20 50 0
TEST TEMPERATURE (°c ) 
SBR(I)—MODIFIED PLAIN-MORTAR
20 50 20 50
ACRYLIC-MODIFIED
(b)Mortars of the same IT/C ratio.
Figure 5.27: Effects of temperature and polym er-cem ent ratio on the
compressive modulus of elasticity of latex-m odified mortars 
(alMortars of the same consistency.
(b)Mortars of the same If/C ratio.
-110-
C0
M
P.S
TR
A1
N 
CA
PA
CI
TY
 
AT 
FA
LU
RE
 
(m
lc
ro
st
ro
ln
). 
CO
M
P.S
7R
AJ
N 
CA
PA
Cr
TY
 
AT 
FA
LU
RE
 
(m
tc
ro
sf
ra
in
). 24,000
P/C-0% 20% P/C-0%
20,000
16,000
12,000
8,000
4,000
0 20  50 0  20  50 0  20 50  0  20  50  0  20  5 0  0  20  50
TEST TEMPERATURE f c )
PLAIN-MORTAR S8R(I)-M0DIFIED PLAIN-MORTAR ACRYLIC-MODIFIED
(a) Mortars of the same consistency*
24,000
20% P/C-0%P/C-0%
20,000
16,000
12,000
Mill i4,000
0  20  5 0  O 2 0  50  0  20 50  0  20  5 0  0  20  5 0  0  2 0  5 0
TEST TEMPERATURE (°c)
PLAIN-MORTAR S8R(I)-M0DIF1ED PLAIN-MORTAR ACRYLIC-MODIFIED
(b) Mortars of the same W/C ratio.
Figure 5.28 : Effects of temperature and polym er-cem ent ratio on the 
compressive strain capacity at failure of latex—modified 
mortars, (a) Mortars of the same consistency.
(b) Mortars of the same W/C ratio.
-111-
P [[ humid curing 
dry curing
1 1  humid curing 
dry curing
Chapter 5
At a temperature of 50°C, the loss in compressive strength may be affected also by the moisture 
content of the specimen. It is likely that part of the reason for the reduction in compressive strength 
and modulus of elasticity, in comparison to that at room temperature, is due to the loss of moisture [5.5]. 
In addition, drying the mortar too quickly may also induce tensile cracks due to the non-uniform drying 
and differences in the drying shrinkage between the surface of the specimen and the interior part of the 
specimen. The cracks have great effect on the tensile and flexural strengths but also may contribute to 
some decrease in the compressive strength and modulus of elasticity of the plain mortar.
Latex-modified mortars
Temperature dependence of the compressive properties of latex-modified mortar is related to the 
moisture content of the specimen at the time of test and to the temperature dependent properties of 
the polymer phase. In general, latex-modified mortars show a marked reduction in compressive strength 
(Figure 5.26) and, in most cases, in modulus of elasticity (Figure 527) with increased temperature, 
particularly at higher polymer-cement ratios.
At temperature of 0°C, which is lower than the glass transition temperature (Tg SBR(I) = 19°C, 
Tg acrylic ==37°C), the latex in a mortar acts in a strong and tough way similar to the effect of frozen 
pore water in plain mortar. All latex-modified mortars have a compressive strength at 0°C higher than 
at 20°C and 50°C. This is because the polymeric material is in the glass-like state (Chapter 3, Figures 3.12 
to 3.14) and may have a reasonable compressive strength. SBR(I)-modified mortar and acrylic-modified 
mortar show different changes in the modulus of elasticity and strain capacity at failure due to the 
decrease in test temperature from 20°C to 0°C. For SBR(I)-modified mortar, the modulus of elasticity 
shows little change due to the temperature decrease, whilst the strain capacity is greater at 0°C than 
at 20°C, largely because the compressive strength is greater at 0°C and the Tg value of the SBR(I) 
polymer phase is low. The acrylic-modified mortar, however, shows an increase in modulus at 0°C and 
a decrease in the strain capacity.
At temperature of 50°C, which is above the glass transition temperature, the polymeric material is 
now in rubbery state and is therefore soft and weak. This polymeric state influences the general properties 
of the mortar by lowering its strength and modulus of elasticity, in comparison to that at 20°C, but 
increasing the deformability of the mortar.
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The influence of temperature on dry cured specimens agrees well with the results of specimens 
cured in humid conditions (condition "W"). At a temperature of 0°C, and in comparison to that at 20°C, 
higher compressive strength, deformability and in most cases, higher modulus of elasticity are observed, 
whereas at a temperature of 50°C lower strength and modulus, but higher deformability are observed.
The effect of an increase in temperature on the compressive strength, modulus of elasticity and 
deformability of mortar at normal consistency is identical to that at constant water-cement ratio.
Theory of two-phase material consisting of voids embedded in an elastic 
matrix
A hardened plain cement mortar can be considered as two-phase component system consisting of 
voids (i.e. particles with an inflnitesimally low elastic modulus) embedded in a continuous matrix with 
a finite modulus of elasticity.
In a latex-modified mortar, for assessing the modulus of elasticity the polymer film can be considered 
either as solid material at low temperature due to its frozen molecular structure or as space voids at 
high temperature due to its very low modulus. Following Powers [5.6] and others [5.7,5.8] the elastic 
modulus of latex-modified mortar (.Elm) can be calculated by a power function of the type:
Elm- E 0( \ - V y  .... (s>1)
where
E lm = modulus of elasticity of latex-modified mortar
E0 = reference modulus of elasticity taken to be the E value of plain mortar
with zero porosity cured in humid conditions
V = fractional volume of pores at 0°C or pores plus
polymer at 50°C for a latex-modified mortar
n = a coefficient
The modulus of elasticity at zero porosity (E0) for a cement system considered to consist of capillary 
pores in a continuous matrix, can be calculated from Equation 5.2 proposed by Powers/5.9/:
£ m- £ 0( l - K , ) 4  (5>2)
where
Em = modulus of elasticity of humid cured plain mortar
Chapter 5
V x = fractional volume of capillary pores in humid cured plain mortar
Equation 5.1 assumes that at low temperature the polymer film is nearly fully load-bearing. It does 
not flow out or deform from the space occupied and is presumably compressed according to its modulus 
in compression. At high temperature, however, the polymer is soft, weak and it can flow and deform 
very easily under the loads. Hence its influence on the elastic modulus of latex-modified mortar is very 
similar to that of capillary pores in plain mortar.
The capillary porosity of a specific mortar is calculated from the hydration study of its corresponding 
cement paste at the age of 28 days. The volume of capillary porosity of the cement paste can 
be calculated by the following formula which is similar to that of Powers [5.10] (see Section 7.6):
0 .388mV
1.035m  W
- 0 . 1 4 4 m ( l  + ot)— ( S.3 )
where
( Pe\  ~ volume of capillaries, cm  ^per g. of cement
I ~c)P
W 0VW = original water-cement ratio by weight
C
P V p -  original polymer-cement ratio by weight
~ C ~
C = weight of cement, g. per cm  ^of paste
p = weight of dry polymer, g. per cm  ^of paste
W n — weight of theoretical non-evaporable water, g. per g. of cement (0.23)
V c — specific volume of cement, cm  ^per g.
V p = specific volume of polymer, cm  ^per g.
V w = specific volume of water, cm  ^per g.
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= maturity factor where is weight of cement fully hydrated =0.23) in
Elain cement paste or weight of cement partially hydrated (Wn<0.23) m itex-modifiea cement paste, C is the original weight of cement.
a = water absorption factor of polymer, after immersion in water for 3 days.
= increase in volume due to water absorption
original volume of dry polymer
(see Section 3.63)
The capillary porosity or volume fraction of pores in a mortar can be expressed:
The volume fraction of pores calculated using Equation 5.3 and 5.4 are given in Table 5.7. Table 5.7
relative to the modulus of elasticity of the wet cured plain mortar at zero porosity. This ratio has been 
calculated at 0°C and at 50°C. Figure 5.29 is a plot of the relative modulus of elasticity at 0° against the 
volume fraction of pores. Figure 530 is a similar plot of the relative modulus of elasticity at 50° against, 
on this occasion, the fractional volume of pores plus polymer. A best fit to both sets of data is given by:
where
V = fractional volume of capillary pores at 0°C or, at 50°C, the fractional 
volume of pores plus polymer
( 5.4 )
where
C ’ = cement content, kg/m^
also shows the relative modulus of elasticity i.e. the modulus of elasticity of the latex-modified mortar
( 5.5 )
This suggests that the assumption that the polymer contributes to the stiffness at 0°Cbut has negligible 
influence and behaves as pores at 50°C is reasonable.
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Table 5.7 Modulus of elasticity of mortar specimens.
Type of 
mortar
W/C
(%)
P/C
(% )
Curing
condition
Maturity
factor*
(m)
Volume
(m3
pores
fraction
/m3)
polymer
a
E
o°c
Eo=43.6
m
0
50°C 
Eq=40.3
plain 43 0 W 0.87 0.065 I 0 33.3 30.8
D 0.65 0.110 / - -
30 10 W 0.85 0 \ 0.055 0.73 030
SBR(I)- series D 0.69 0.011 / 035 0.40
modified (I) 20 20 W 0.39 0 \ 0.11 035 0.26
D 024 0.025 ) 0.45 027
43 10 W 1.0 0.024 \ 0.053 031 0.42
SBRfll)- series D 0.7 0.080 / 0.42 0.30
modified (II) 43 20 W 1.00 0.035 \ 0.102 0.42 0.16
D 0.57 0.095 / 033 0.17
28 10 W 0.71 0 \  0.056 0.89 0.48
series D 030 0.03 / 0.85 0.45
(I) 27 20 W 0.81 0 1 0.106 0.44 0.20
aciylic- D 0.42 0.024 / 032 0.19
modified 43 10 W 0.83 0.049 ) 0.054 0.66 0.30
series D 0.48 0.117 / 0.45 0.25
(II) 43 20 W 0.76 0.057 1 0.102 0.34 0.11
D 020 0.138 / 026 0.09
* maturity factor taken at age of 28 days
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5.3.5 Tensile characteristics
Table 5.8 shows the ultimate stress, strain at failure, modulus of elasticity and toughness of mortar 
under direct tension in both wet and dry states. The toughness has been calculated from the area under 
the stress-strain curve to failure.
Latex-modified mortars show, in many cases, a marked increase in tensile strength in comparison 
to that of plain mortar and in contrast to the trend for compressive strength.
Table 5.8. Tensile properties of mortars.
Type of 
mortar
w/c
(%)
P/C
(% )
Curing
condition
Tensile
strength
(N/mm2)
Secant
modulus
(kN/mm2)
Strain at 
failure 
(xlO-6)
Toughness*
(N.mm/mm2)
plain 43 0 W 33 40.2 86 140
D 2.7 30.8 88 120
30 0 W 4.8 45.0 120 289
super- D 43 29.6 170 413
plasticized 20 0 W 5.0 36.8 150 420
D 4.2 33.2 138 308
30 10 W 3.8 35.3 139 344
D 6.4 30.8 222 738
series 25 15 W 3.8 31.1 148 312
(I) D 6.4 29.0 239 800
SBR(I)- 20 20 W 4.1 27.7 186 461
D 6.6 25.7 278 951
modified 43 10 W 33 313 112 193
D 52 22.1 250 756
series 43 15 W 3.3 263 149 277
(II) D 5.6 20.7 312 967
43 20 W 3.4 24.4 160 302
D 5.7 18.1 389 1117
plain 43 0 W 2.9 34.8 92 141
D 2.8 253 113 161
37 10 W 33 26.7 197 417
D 4.4 25.9 182 417
SBR(II)- series 27 15 w 3.8 253 218 507
modified a) D 7.0 233 328 1211
22.5 20 W 4.2 22.0 306 817
D 7 3 203 430 1730
continued
Chapter 5
Table 5.8. Tensile properties of mortars (continuation).
Type of 
mortar
W1C 
(%)
P/C
(%)
Curing
condition
Tensile
strength
(N/mm^)
Secant
modulus
(kN/mm^)
Strain at 
failure 
(xlO-6)
Toughness*
(N.mm/mm^)
plain 43 0 W 33 355 131 263
D 23 25.6 101 125
28 10 W 4.0 26.7 162 327
D 5.6 29.0 201 577
series 27 15 W 3.4 193 257 518
(I) D 5.8 19.2 353 1110
aciylic- 27 20 W 2.7 13.1 660 1376
D 6.6 12.9 739 2946
modified 43 10 W 2.4 243 124 167
D 3.1 16.0 215 353
series 43 15 W 1.4 15.7 151 131
(II) D 2.6 9.8 367 559
43 20 W 1.4 8.8 251 214
D 3.4 7.0 909 2029
* sometimes called "modulus of resilience" or "strain energy per unit volume"
Effect of polymer-cement ratio on tensile properties
Figures 5.31 to 5.35 show typical stress-strain curves of latex-modified mortars of water-cement 
ratio 43%. Figure 5.36(h) shows a summary of the effect of polymer-cement ratio and curing condition 
on the ultimate tensile strength of the mortars.
For SBR(I)-modified mortar with constant water-cement ratio and varying polymer-cement 
ratio (series(II)) cured in humid conditions, there is very little effect (as in Figure 531(c)) on the tensile 
strength compared with the plain mortar, and the tensile strength is nearly independent of the 
polymer-cement ratio in the range 10% to 20%. Acrylic-modified mortar of water-cement ratio 43% 
shows (Figure 5.32(c)) a considerable decrease in tensile strength for mortar cured in humid conditions, 
in comparison to that of plain mortar and SBR(I)-modified mortar. This relatively low strength obtained 
for acrylic-modified mortar over that of the SBR(I)-modified mortar, may be attributed to the hydrophilic 
characteristics of the acrylic polymer film which absorbs a large quantity of water in comparison to 
the SBR(I) polymer film.
TE
NS
ILE
 
ST
RE
SS 
(N
/im
2>
 
TE
NS
ILE
 
STR
ESS
 
(N
/n
n2
)
8.
7.
G.
5.
1.
P/C=10% p / c=s15% 
P/C=0%  /  /  P/C=20%
200 250 300 350 100 150 500
STRAIN (nicrostrain)
(a) Mortars cured in humid condition.
P/C=15%  P/C=20%
P/C=0%
200 300 500100 350 100 150
(b) Mortars cured in dry condition.
STRAIN (nicrostrain)
Figure 5.31: Tensile s tress—stra in  curves for SBR(I)—m odified m o rta rs  of
same W/C ra tio , (a) Mortars cured  in  hum id  condition.
(b) Mortars cured  in  dry condition.
-120-
TE
NS
ILE
 
ST
RE
SS 
(N
/nn
2) 
TE
NS
ILE
 
ST
RE
SS 
<N
/m
>2
)
8.
p/c=o%
P/C=10%
P/C=15%
P/C=20%
"S" " S ' IS" 600 " 700" 800 800 1000
STRAIN (nicroslrain)
(a) Mortars cured in humid condition.
P/C=20%
P/C=0%
1000900700100200 300
STRAIN (nicrostrain)
(b) Mortars cured in dry condition.
Figure 5.32: Tensile s tress—stra in  curves for acrylic—m odified m o rta rs  »f
same W/C ra tio , (a) M ortars cu red  in  hum id  condition.
(b) Mortars cu red  in  dry condition.
-121-
TE
NS
ILE
 
ST
RE
SS 
(N
/nn
2) 
TE
NS
ILE
 
STR
ESS
 
(N
/m
m2
)
8.
P/C=10% P/ C -1 5 J
p/c=o%
P/C=20%
250 300 350 T00
T
150 500
STRAIN (nicrostrain)
(a) Mortars cured in  humid condition.
P/C=10% P/C=15%  P/C=20%
P/C=0%
150 500200 350 100100 150 300
STRAIN (nicrosirain)
(b) Mortars cured in  dry condition.
Figure 533: Tensile s tre s s -s tra in  curves for SBR(I)-modified m o rta rs  of
norm al consistency, (a) Mortars cured  in  hum id  condition,
(b) Mortars cured  in  dry condition.
-122-
P/C=10%
I— 
CO
O J
_ J
CO
5I— P/C=20%
100 900200 300 500 600
STRAIN (nicrostrain)
(a) Mortars cured in humid condition.
CO
LU
900 1000m 500 600 700200100
STRAIN (nicrostrain)
(b) Mortars cured in dry condition.
Figure 5.34: Tensile s tre s s -s tra in  curves for acrylic—m odified m o rta rs  of
norm al consistency, (a) M ortars cured  in  hum id  condition,
(b) Mortars cu red  in  dry condition.
-123-
TE
NS
ILE
 
ST
RE
SS 
CN
/nm
2) 
TE
NS
ILE
 
STR
ESS
 
(N
/i>
«2
)
500250 300 100150 200100
STRAIN Cnicrostrain)
(a) Mortars cured in  hum id condition.
P/C=20%
P/C=15%
P/C=10%
500150200 250 300 350 1001501000 50
STRAIN Cnicrostrain)
(b) Mortars cured in  dry condition.
Figure 5.35: Tensile s tre s s -s tra in  curves for SBR(II)-modified m o rta rs  of
norm al consistency, (a) M ortars cured  in  hum id  condition,
(b) M ortars cured  in  dry condition.
-124-
Chapter 5
SBR(I)-modified and acrylic-modified mortars of a water-cement ratio 43% and cured in dry 
conditions generally exhibit (Figures 531(h) and 532(h)) increased tensile strength compared with plain 
mortar (particularly for SBR(I)-modified mortars) and compared with latex-modified mortars cured in 
humid conditions.
It is clear from the results that the tensile strength of the latex-modified mortars of the same 
water-cement ratio (series(II)) is controlled by the moisture content of the specimens. Excess moisture, 
in contrast to dry conditions, hinders the adhesive hardening of the polymer film and causes swelling 
and loosening of the hydrophilic polymer film within the structure of the mortar. In addition, higher 
polymer-cement ratios generally result in only small further increases in the tensile strength of the 
latex-modified mortars.
The effect of water-cement ratio on the tensile strength can be seen clearly by comparing the 
latex-modified mortars of normal consistency (series(I)) as shown in Figure 5.36(c) with those of 
series(II) at constant water-cement ratio (Figure 536(h)). The lower water-cement ratio usually used 
in latex-modified mortar of normal consistency (achievable because of the plasticity effect of the latex) 
enhances the tensile strength over that of series(II) mortars, in a similar trend as in the compressive 
strength results. The reduced water-cement ratio is particularly beneficial to the performance of the 
acrylic-modified mortars. Results for the SBR(H)-modified mortar at normal consistency are given in 
Figure 535. Tensile strengths at polymer-cement ratios of 15% and 20% are similar to those of the 
SBR(I)-modified mortars. The tensile strength at a polymer-cement ratio of 10% is lower than the 
equivalent SBR(I) value.
Modulus of elasticity in tension
Figure 537shows the influence of polymer-cement ratio and curing condition on the secant modulus 
of elasticity in direct tension.
In general, incorporation of polymer in mortar lowers the modulus of elasticity in tension, in a similar 
way to that observed in compression. The degree of reduction depends on the stiffness of the polymer 
used in the latex. For each latex, however, this modulus is very small in comparison to the modulus of 
elasticity of the cement paste and aggregate phases replaced. No relationship is apparent between the
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modulus of elasticity of the incorporated polymer film (Section 3.7.6) and the modulus of elasticity of 
the latex-modified mortar. However, the modulus of elasticity of latex-modified mortar decreases as 
the polymer-cement ratio increases.
In almost all cases, humid curing has the effect of increasing the secant modulus of elasticity compared 
to dry cured specimens. This increase is related to the microstructural space of the material being filled 
with water which results in an increase in the stiffness of the interior of the material [5.11]. This action 
could be increased by the large amount of water absorbed by the polymer film. This is discussed more 
fully in Chapter 8.
For the same polymer-cement ratio, series(II) mortars have a higher water-cement ratio than 
series(I) mortars and their modulus of elasticity is reduced as a result of the higher porosity of the 
mortar.
Strain capacity at failure and toughness of the mortar
The strain capacity at failure and toughness of the latex-modified mortar are in most cases higher 
than for plain mortar (Figures 5.38 and 5.39). Generally both parameters increase with increasing 
polymer-cement ratio, although the effect is most marked for the acrylic-modified mortar and for dry 
curing conditions. For example, there is a seven-fold increase in tensile strain capacity for an 
acrylic-modified mortar cured in dry conditions with a polymer-cement ratio of 20% compared to a 
plain mortar of the same consistency. The corresponding increase in toughness is twentyfour-fold.
The tensile characteristics of the latex appear in this case to influence the tensile strain behaviour 
of the mortars. The SBR(H) latex and, particularly, the acrylic latex have higher strains to failure than 
the SBR(I) latex (Figure 3.8) and this is reflected in the higher strain capacity of the mortars made with 
these two latices (Figure 538)
Effect of superplasticizer on tensile properties
Figure 5.40 shows the stress-strain curves for the superplasticized mortar. Figures 5.41 and 5.42 
show the influence of superplasticizer, water-cement ratio and curing conditions on the tensile strength 
and modulus of elasticity.
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Superplasticized mortars of the same consistency but different water-cement ratios show 
approximately the same increase in tensile strength over that of plain mortar (Figure 5.41). As in plain 
mortar, dry cured samples of superplastidzed mortar exhibit a lower tensile strength in comparison to 
the humid cured ones. This is the reverse of what happened in the latex-modified mortars.
By comparing the effect of curing condition on superplasticized mortar with latex-modified mortar 
of series(I) (i.e. mortar of normal consistency), it is clear that the tensile strength enhancement of 
latex-modified mortar cured in dry conditions over that cured in humid conditions cannot simply be a 
result of the decrease in water-cement ratio, since the superplasticized mortar does not show, for similar 
water-cement ratios, a large increase in tensile strength in the dry condition.
The modulus of elasticity of superplasticized mortars is not clearly related to the water-cement ratio. 
However, the influence of moisture content on increasing the modulus of elasticity of the superplasticized 
mortar cured in humid conditions is still evident in this series (Figure 5.42).
The high tensile strength of superplastidzed mortars is associated with some increase in tensile 
failure strain and toughness of the materials as shown in Table 5.8.
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5.3.6 Flexural strength
The results of flexural strength and extreme tensile strain of the latex-modified mortars are shown 
in Table 5.9.
Table 5.9. Flexural properties of mortar.
Type of 
mortar W/C
(%)
P/C
(%)
Curing
condition
Moc 
of ru 
(N/n 
7 day
ulus
pture
im )^
28 day
Strain at 
failure 
(xlO-6) 
28 day
plain 43 0 w 6.8 7.1 440
D 5.9 7.2 497
30 10 W 7.1 8.1 546
D 7.8 10.2 512
series 25 15 W 8.3 8.6 590
(I) D 6.8 11.3 568
20 20 W 9.0 9.1 642
SBR(I) D 8.2 11.6 633
modified 43 10 W 6.0 6.8 393
D 6.2 10.3 473
series 43 15 W 5.4 6.3 437
(H) D 4.9 10.5 539
43 20 W 6.1 6.1 516
D 6.7 11.3 632
plain 43 0 W 7.2 7.8 287
D 5.5 7.6 417
37 10 W 7.7 7.8 403
D 8.5 10.8 523
SBR(II)- series 27 15 W 8.6 9.3 559
modified (I) D 8.9 12.8 552
22.5 20 W 9.5 11.5 651
D 12.1 13.6 734
continued
Chapter 5
Table 5.9. Flexural properties of mortar (continuation).
Type of 
mortar w /c
(%)
P/C
(%)
Curing
Condition
Moc 
of ru 
(N/n 
7 day
[ulus
pture
im )^
28 day
Strain at 
failure 
(xlO-6) 
28 day
plain 43 0 W - 7.8 287
D 7.6 347
28 10 W - 7.6 427
D 10.8 486
series 27 15 W - 8.3 748
(I) D 10.6 865
27 20 W - 6.8 908
acrylic- D 11.4 1090
modified 43 10 W - 5.6 374
D 6.9 577
series 43 15 W - 4.4 748
(n) D 5.0 855
43 20 W - 3.7 1175
D 6.4 1442
Figure 5.43 shows the modulus of rupture of latex-modified mortars as a function of curing condition 
and polymer-cement ratio. Figures 5.44 and 5.45 illustrate typical flexural load-strain curves. (The rest 
of the results are shown in Appendix C.)
Not surprisingly the modulus of rupture results follow very closely the trend obtained in direct 
tension. The ratio of modulus of rupture to tensile strength is about two for plain mortar and 
latex-modified mortar, as expected, since it is generally accepted that the equation for calculating the 
modulus of rupture overestimates the true tensile strength [5.5], largely due to the fact that the simple 
flexural formula assumes that stress varies linearly across the cross-section of the flexural beam with 
the neutral axis at mid-depth. As failure is approached this will not be the case as the neutral axis will 
move towards the compression surface.
The surface tensile strain at failure in bending shows similar trends to the direct tensile failure strain. 
For example, it increases with polymer-cement ratio and is generally higher after dry curing.
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Chapter 5
The increase is most marked for the acrylic-modified mortar. The failure strain measured in bending 
generally varies between two and four times that from direct tensile measurements because of the 
different test and specimen geometries.
5.3.7 The early length and weight changes of hardened mortars
The shrinkage or swelling strains and weight change-time relationships are plotted in Figures 5.46 
to 5.50. Figure 5.51 and 5.52 compare the shrinkage and swelling strains at 56 days.
Drying shrinkage of latex-modified mortars
The drying shrinkage behaviour of latex-modified mortar, in general, is dependent on the polymer 
type.
The drying shrinkage of SBR(I)-modified mortar of series(I) and series(II) (Figure 5.46) is slightly 
affected by the level of polymer-cement ratio, is lower than the plain mortar, and the shrinkage rate 
decreases with time. The water loss which accompanied the shrinkage of SBR(I)-modified mortar 
(Figure 5.46) follows almost the same trend as the shrinkage strain.
Acrylic-modified mortar, however, shows a different behaviour to that of plain mortar and 
SBR(I)-modified mortar (Figure 5.47). At the early stage of drying, acrylic-modified mortar of series(I) 
and series(II) undergoes swelling which reaches a maximum at 7 days. There is a net loss of water, 
however, during this swelling period. This is followed by a normal period of drying shrinkage. It is also 
observed that the water loss which accompanied the shrinkage of acrylic-modified mortar of series(I) 
is only slightly affected by the polymer-cement ratio, but is still lower than that of plain mortar. Whereas, 
for series(II) the drying shrinkage is accompanied by an early loss of a large quantity of water which 
exceeds that of plain mortar and SBR(I)-modified mortar.
SBR(II)-modified mortar of the same consistency (series(I)), on the other hand, behaves 
(Figure 5.50(a)) in a similar way to that of SBR(I)-modified mortar, but the drying shrinkage and 
consequently the loss of water are, in most cases, higher than that of SBR(I)-modified mortar, because 
SBR(I)-modified mortars in series(I) have a higher water-cement ratio than the equivalent 
SBR(I)-modified mortars in series(I).
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Swelling of latex-modified mortar
It is well known [5.11] that mortar cured continuously in humid conditions or in water from the time 
of casting exhibits a net increase in volume and weight. This swelling is due to the absorption of water 
by cement gel. The water molecules act against the cohesive force and tend to force the gel particles 
further apart, with a resultant swelling pressure. In addition, the ingress of water decreases the surface 
tension of the gel and a further expansion takes place. The incorporation of latex in mortar has the 
effect of increasing the swelling of mortar further.
Figures 5.48 and 5.49 show the effect of polymer-cement ratio on the swelling strain of 
SBR(I)-modified mortar and acrylic-modified mortar. It can be seen clearly that the swelling strain of 
mortar of the same water-cement ratio increases as the polymer-cement ratio increases. However, 
weight gains do not increase in the same proportion.
Weight gains are similar for SBR(I)-modified mortar and acrylic-modified mortar of similar 
consistency or of similar water-cement ratio i.e. generally a weight gain of about 2%. There can be a 
marked difference in swelling strains, however. This suggests that the polymer is swelling due to 
absorption of water which is already contained internally in the specimens, rather than water which is 
drawn into the specimen and which might be expected to contribute to the weight gain. For series(I) 
mortars of the same consistency, the acrylic-modified mortar swells more rapidly. Particularly large 
swelling strains were measured on the acrylic-modified mortar specimens of the same water-cement 
ratio (Figure 5.49(h)).
SBR(II)-modified mortars show (Figure 5.50(h)) a lower swelling strain at a polymer-cement ratio 
of 20% in comparison to that of SBR(I)-modified mortar and acrylic-modified mortar.
The water absorbed by the polymer film was taken partially from the external source but mainly 
from the mixing water which is necessary for the process of cement hydration. The swelling strain of 
latex-modified mortar increases with the increase in absorption properties of the polymer as measured 
in Section 3.6.3.
Generally, the high swelling effect due to the latex incorporation in mortar (Figures 5.51 and 5.52) 
will signifiacantly reduce its function of being a modifier for improving the adhesion between the cement
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Chapter 5
particles, especially if the latex-modified cement system is always in direct contact with water or subjected 
to a humid environment. The decrease in some of the mechanical properties of latex-modified mortar 
cured in humid conditions can be associated with the high swelling of the polymer component.
5.3.8 Water absorption 
Absorption results according to BS1881
The results of the procedure adopted from BS1881 [5.12] are shown in Table 5.10. The influence 
of polymer-cement ratio on the water absorption after 48 hours immersion of latex-modified mortar for 
series(I) and series(II) are shown in Figure 5.53. Figure 5.54 shows the influence of 
superplasticizer-cement ratio on the water absorption after 48 hours immersion.
In general, incorporation of polymer in mortar significantly reduces the water absorption of the 
mortar. The 10% polymer-cement ratio has a marked effect on plain mortar properties. There is further 
but less significant improvement gained by polymer-cement ratios above 10%. The improvement is 
offset in series(II) specimens by the high water-cement ratio which has the effect of increasing the 
porosity of the mortar.
Superplastidzed mortar shows (Figure 5.54) a reduction in water absorption with a decrease in 
water-cement ratio, but the absorption is much higher than that of latex-modified mortar of similar 
water-cement ratio.
Chapter 5
Table 5.10. Water absorption of mortars.
Type of 
mortar
W/C
(%)
P/C
(%)
Curing
condition
Water at 
(% by' 
24 hour
>sorption
weight)
48 hour
plain 43 0 W 8.0 8.1
D 8.2 8.2
30 0 W 5.5 5.6
super­ D 5.7 5.7
plasticized 20 0 W 4.9 5.0
D 5.4 5.5
30 10 W 0.9 1.2
D 1.1 1.3
series 25 15 W 0.9 1.2
(I) D 1.1 1.4
20 20 W 0.4 0.5
SBR(I)- D 0.4 0.5
modified 43 10 W 3.9 4.8
D 4.5 5.4
series 43 15 W 2.6 3.2
(n) D 3.8 4.7
43 20 W 1.1 1.5
D 3.0 3.9
plain 43 0 W 8.4 8.7
D 8.5 8.9
37 10 W 2.1 2.7
D 2.2 2.7
SBR(II)- series 27 15 W 0.5 0.6
modified (I) D 0.5 0.7
22.5 20 w 0.3 0.4
D 0.3 0.5
continued
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Table 5.10. Water absorption of mortars (continuation).
Type of 
mortar
W/C
(%)
P/C
(%)
Curing
condition
Water al 
(%by' 
24 hour
jsorption
weight)
48 hour
plain 43 0 W 7.2 7.3
D 7.9 8.0
28 10 W 2.2 3.0
D 2.5 3.3
series 27 15 W 0.8 1.1
(I) D 1.2 1.6
27 20 W 0.6 0.9
acrylic- D 0.9 1.3
modified 43 10 W 3.9 4.9
D 5.9 6.7
series 43 15 W 2.0 2.6
(H) D 3.0 3.6
43 20 W 1.6 2.0
D 2.9 3.6
Mortar of all types, cured in humid conditions, in general, exhibit a slight decrease in water absorption 
in comparison to mortar cured in the dry condition. This is due to the decrease in capillary pores in 
the mortar as a result of more extensive hydration of the cement grains.
Capjllary-absflrption
Figure 5.55 to 5.57 show typical results of the capillary absorption as a function of time, measured 
as described in Section 4.3.9. The rest of the results are shown in Appendix D. A summary of the 
capillary absorption of latex-modified mortar after 8 horns in contact with a wet sponge is shown in 
Figure 5.58, whereas Figure 5.59 shows a summary of the capillary absorption values after 3 days contact 
with a wet sponge and water immersion.
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Figure 5.56: Capillary absorption as a function of tim es for SBR(I)-modified
m ortars of the same W/C ratio , (a) Mortars cured in  hum id
condition, (b) Mortars cured in  dry condition.
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From the test results the following conclusions are drawn:
(1) For series(I) latex-modified mortars (Figure 5.58(a) and 5.59(a)), the capillary absorptions are 
smaller than those of series(II) latex-modified mortars (Figure 5.58(b) and 5.59(h)) where the 
porosity of the mortar due to the higher water-cement ratio influences the absorption. For 
series(I), absorptions of the latex-modified mortars are very much lower than those of plain mortar.
(2) As expected, the capillary absorption of superplasticized mortar (Figure 5.57) decreases with the 
decrease in water-cement ratio.
(3) For mortars of similar water-cement ratio, an SBR-modified mortar absorbs less water than a 
plain mortar, whereas there is little difference in absorption between acrylic-modified mortar 
(Figure 5.59(h)and plain mortar.
(4) Humid curing, in general, results in a reduction in the capillary absorption of the mortars, although 
this maybe partly due to the different lengths of pre-conditioning the two sets of specimens. Thus, 
unlike strength, this is a property of latex-modified mortars which does not benefit from dry 
curing.
The capillary absorption results (Figure 5.55) can be represented by a typical relationship according 
to Figure 5.60 if the time axis is a square root scale. Point A between stage 1 and stage 2 corresponds 
to the point when the advancing water front due to the capillary action has approximately reached its 
maximum possible penetration. Thus, stage 1 corresponds to the filling of part of the capillary pores 
by capillary action from one surface, while stage 2 corresponds to the filling of the rest of the capillary 
pores due to immersion of the specimen in water.
It is assumed, in the following discussion, that due to pre-conditioning of the specimen at 50% R.H., 
the capillary pores are air-filled whilst the gel pores are water-filled [5.13]. It is also assumed that 
capillary absorption of water for 72 hours, followed by complete immersion in water, results in all 
capillary pores being filled with water (i.e. at time 7f in Figure 5.60).
05
05
M-
o
0L_
1 
0) 1-
0
DOr
01
UJ
F
NIVO 1H0I3M
-159-
Fi
gu
re
 
5.6
0 
: 
A 
ty
pi
ca
l 
w
at
er
 
ab
so
rp
tio
n 
cu
rv
e 
ob
ta
in
ed
 
in 
a 
ca
pi
lla
ry
 
te
st
.
Chapter 5
If h is the specimen thickness (m)ancL4 the section area (m2), the total porosity (Ft) of the specimen 
is given by:
P _ Qt-Qo
‘ d./i.lOOO ...... ( 5 . 6 )
where 1000 (kg/m )^ is the density of water and Qj and Q0 (kg) are as shown in Figure 5.60.
The theoretical total capillary porosity of latex-modified mortar can be calculated from Equations 5.3 
and 5.4 in Section 5.3.4 and the results are shown in Table 5.11. A comparison of the porosity determined 
experimentally (above) and the theoretical porosity is shown in Figure 5.61. The results are in reasonable 
agreement.
Table 5.11. Details of capillary pores of mortars.
Type of 
m ortar
w /c P/C Curing
condition
Maturity*
factor
Voli
theoretical
me fraction of pores 
(m^/m^)
experimental
(%) (%) m Pcm Pe Pt
plain 43 0 W 0.87 0.065 0.047 0.0617
D 0.65 0.110 0.097 0.0991
30 10 W 0.85 0 0.0116 0.0164
series D 0.69 0.011 0.0168 0.0237
(I) 20 20 W 0.39 0 0.0067 0.0098
SBR(I)- D 0.24 0.025 0.0088 0.0130
modified 43 10 W 1.0 0.024 0.0218 0.0399
series D 0.7 0.080 0.0460 0.0684
(II) 43 20 W 1.00 0.035 0.0234 0.0366
D 0.57 0.095 0.0456 0.0685
37 10 W 0.91 0.020 0.0150 0.0212
SBR(II)- series D 0.64 0.069 0.0350 0.0480
modifled (I) 22.5 20 W 0.61 0.004 0.005 0.0071
D 0.31 0.048 0.007 0.0089
28 10 W 0.71 0 0.0114 0.0165
series D 0.50 0.030 0.0230 0.0368
(I) 27 20 W 0.81 0 0.0088 0.0131
aciylic- D 0.42 0.024 0.0170 0.0262
modified 43 10 W 0.83 0.049 0.0227 0.0486
series D 0.48 0.117 0.0996 0.1040
(n) 43 20 W 0.76 0.057 0.0216 0.0578
D 0.20 0.138 0.0598 0.0850
maturity factor taken at age of 28 days
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In Figure 5.61 there is a trend that at low porosity, experimental porosity values are higher than the 
theoretical values, whilst at higher porosity, experimental values are lower than might be expected 
theoretically. This is probably due to the wetting of the contact surface of the specimen, which leads 
to an overestimate of the theoretical porosity at low porosity values. At high porosities, it is likely that 
not all the pores are, in fact, filled by water during the absorption process, so the experimental porosity 
might underestimate the true porosity.
An effective porosity PG due to partial filling of the capillary pores by the first capillary absorption 
stage (i.e. 72 hours in contact with a wet sponge up to point A in Figure 5.60) can be calculated from:
p Q'-Qo
e A .h .1000 ">3/m3................................ .... (57)
where QfQo  ^ weight gain (in kilogrammes) resulting from contact with the saturated sponge for 
72 hours. This effective porosity is plotted against the theortical total porosity Pcm in Figure 5.62 and 
the points approximately conform to the relationship:
Pe -  0 .6 Pcm .... ( s 8 )
for latex-modified mortar and plain mortar.
5.3.9 Results of the alternative mixing procedure
In order to see the effect of changing the mixing procedure, by mixing the sand with the latex first 
instead of adding the latex to the sand-cement mixture, comparable mortar specimens were made and 
tested. These are referred to as "pre-mixed latex-modified mortar" and "post-mixed latex-modified 
mortar". The mix used incorporated SBR(II) latex at a polymer-cement ratio of 20% and had a 
water-cement ratio of 22.5% (Section 4.1.4). The results are summarized in Table 5.12
In general, changing the mixing process had little effect on the properties assessed and no significant 
improvement can be identified. This behaviour has been confirmed by other investigators [5.14]. The 
probable explanation is the fact that changing the mixing procedure does not alter the composition or 
the adhesion of the cement-aggregate interface zone. This will be discussed further in Chapter 6 
(Section 6.5.5.).
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Table 5.12. Comparison of properties of pre-mixed and post-mixed SBR(II)-Iatex 
modified mortar with polymer-cement ratio of 20% 
and water-cement ratio of 22.5%.
Property Post-mixed
mortar
Pre-mixed
mortar
Compressive curing 2d 7d 28d 2d 7d 28d
strength (N/mm2) W 27.3 39.8 50.1 24.8 37.2 42.9
D - 42.6 56.8 - 42.3 51.5
Compressive: W D W D
strength ( N/mm2) 28.1 36.3 29.4 39.6
strain capacity (ustrain) 5190 7446 4420 7650
modulus of elasticity 15.2 13.4 16.5 15.9
(kN/mm2)
Poisson’s ratio 0.16 0.16 0.22 0.20
Absorption (%) W D W D
BS1881a 0.36 0.50 0.39 0.48
Capillary^ 0.37 0.51 0.40 0.50
a after 48 hours immersion in water 
b after immersion in water
5.3.10 Conclusions
(i)
(2)
(3)
(4)
From the results of this part of the research, the following conclusions can be drawn:
The incorporation of latex emulsion in fresh mortar:
(i) reduces the mixing water requirement for workability;
(ii) retards the setting of mortar;
(iii) increases the air-entrainment if the consistency of the mortar is kept constant.
The hardened densities of the latex-modified mortars are increased by up to 11% in comparison 
to that of the plain mortar.
The compressive stength of the latex-modified mortars tends to decrease with an increase in 
polymer-cement ratio, regardless of the curing conditions.
The tensile and flexural strength in most latex-modified mortars are, in most cases, greater than 
that of plain mortar.
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(5) Humid or dry curing can have a marked effect on the properties of latex-modified mortar 
properties. In general, dry curing conditions following a short period of wet curing give better 
mechanical properties than continuous humid curing.
(6) The modulus of elasticity of latex-modified mortar in compression and tension generally decreases 
with increasing polymer-cement ratio.
(7) The process of compressive properties of latex-modified mortar are sensitive to comparatively 
small temperature changes. At a temperature of 0°C, and in comparison to that at 20°C, higher 
compressive strength, deformability and, sometimes, higher modulus of elasticity are observed, 
whereas at temperature of 50°C, lower compressive strength and modulus of elasticity, but higher 
deformability are observed.
(8) The work to fracture (toughness) and strain capacity of latex-modified mortar tested in tension 
generally show a marked increase as the polymer-cement ratio increases.
(9) The drying shrinkage strain of latex-modified mortar is similar to, or slightly lower than that of 
the plain mortar, and generally decreases with an increase in polymer-cement ratio.
(10) Latex incorporation in mortar increases the swelling strain of the mortar by up to seven times 
that of the plain mortar. The swelling strain generally increases with the increase in 
polymer-cement ratio.
(11) Incorporation of latex in mortar generally reduces the water absorption of the mortar considerably. 
The water absorption decreases with the increase in polymer-cement ratio. Humid curing of the 
mortars results in a slightly increase in water-proofing in comparison to dry curing.
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Chapter 6
Microstructure Studies of Latex-Modified Cement Paste and
Mortar
fLl Introduction
In plain and latex-modified cement systems the bond between the polymer phase, cement paste and 
aggregate plays an important role in determining the overall behaviour of the materials. There has been 
little previous investigation of the influence of latex incorporation and many details of the microstructure 
of latex-modified cement system remain to be elucidated.
SEM investigation of the influence of water-cement and polymer-cement ratio on the microstructural 
characteristics of cement paste and mortar in general and on the crack propagation through the material 
in particular has not been extensively reported.
In order to understand the mechanism of reinforcement and modification provided by the polymer 
latices, the investigation in this chapter was focused on the following points:
(1) The process of coalescence of the polymer particles in latex-modified cement paste 
and mortar.
(2) Microstructural details of plain and latex-modified cement paste.
(3) Microstructural details of the interfacial zone near the aggregate particles in plain 
and latex-modified mortars.
(4) Crack propagation and the function of the polymer phase in plain and latex-modified 
cement pastes and mortars.
(5) Effect of water-cement ratio on the microstructural features and crack propagation 
in plain cement paste and mortar.
6.2 Experimental methods
Two methods were employed in this investigation: Scanning Electron Microscopy (SEM) and 
electron probe micro-analysis. The microscopy was carried out by means of the Cambridge stereoscan
Chapter 6
microscopes models S100 and S250 shown in Figures 6.1 (a) and 6.1(h) respectively. For electron probe 
micro-analysis, the SEM’s were used in conjunction with an Energy Dispersive X-ray Analyser (EDXA), 
which is capable of generating X-ray maps of any element. The probe used was a Jeol model JSM35CF 
shown in Figure 6.1(c).
6.2.1 Mixes investigated
The mix proportions used in the manufacture of specimens are given in Table 6.1. In one of the 
mixes, Pulverized Fuel Ash (PFA) was substituted for all of the Portland cement.
Table 6.1. Mix proportions.
Material
W/C
ratio
(%)
P/C
ratio
(%)
S/Cb
ratio
(%)
ordinary strength 43 - -
high strength 20 - 3
cement SBR(I) 30 10 -
paste 20 20 -
and latex- SBR(II) 37 10 -
mortara modified 22.5 20 -
acrylic 28 10 -
27 20 -
SBR(I)-modified PFA paste 20 20 -
pre-mixed SBR(II)-modified mortara 22.5 20 -
a aggregate/cement ratio used in mortars was 2.5:1 
b superplastizer(Melment)/cement ratio
6,2,2 Poiymer latices
All three types of polymer latex reported previously were used in this investigation. The effect of 
latex incorporation in cement paste and mortar will be discussed in general terms, unless otherwise 
specified, because the SEM observation of all the latex-modified cement systems revealed very similar 
if not identical microstructural features.
Figure 6.1(a) : The Cambridge S100 scanning electron microscope
Figure 6.1(b) : The Cambridge S250 scanning electron microscope
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6.2.3 Preparation of specimens and observation technique
The specimens were 15x15x150 mm in size, cast especially for the SEM observation. The cement 
paste and mortar were cured under the curing conditions shown previously in Section 7.2.1. The 
specimens cured under water are reported here, except where otherwise stated. At the age of the test 
the specimens were cut by a diamond saw or fractured in tension and sawn to produce thin section 
samples of about 3 mm in thickness.
The surface of some samples of a size 15x15x3 mm were then polished up to a grit number #12000. 
Some samples were etched by suspending the specimen in diluted 50% hydrochloric acid solution (HC1) 
for 20 to 30 seconds, which has the effect of dissolving the hydraulic products. This was followed, for 
some mortar samples, by suspension in 25% hydrofluoric acid solution (HF) for about 2 hours until the 
aggregate were dissolved.
The cut, fractured and etched specimens were cleaned with distilled water and dried in laboratory 
conditions for 15 minutes before being attached to the mounting stud, which then transferred to a 
desiccator containing silica gel for drying.
The samples for use in the tension rig in the SEM were cut by a diamond saw to a size 15x50x3 mm 
and their surfaces were polished. The samples were then cleaned with distilled water before being 
transferred to a desiccator containing silica gel for drying. All the specimens for the SEM were coated 
with gold.
6.2.4 Rig for observation of crack propagation
A tensile rig which can be used within the SEM and controlled remotely was constructed for the 
microstructural observation of the crack propagation. The overall dimensions of the testing rig was 
110x50x210 mm to fit into the space in the specimen chamber of SEM. As shown in Figure 6.1 (d) the 
rig is driven by an electric motor and a gear-box. Two strain rates can be applied, about 10x10*6 strain 
per second or 30x10*6 strain per second, which can be selected by changing the motor unit.
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SL3 Microstructure of plain and latex-modified cement pastes
In the following section, a number of micrographs illustrating various characteristic features of plain 
and latex-modified cement paste are discussed and some analyses from particular areas are carried out. 
The specimens here are plain cement paste with water-cement ratio of 43%, and latex-modified cement 
paste with polymer-cement ratio of 20% and various water-cement ratios.
Figure 6.2 shows, in two micrographs at increasing magnification, the microstructural features found 
in all latex-modified cement paste at the age of 1 day. The general surface area, in Figure 6.2(a), consists 
of many voids. The size of the voids are between 10 and 60 um which is approximately the same size 
as the unhydrated cement particles. The larger void is assumed to be an air void caused by the surfactant 
in the polymer latex. The voids are empty of any cement particles due to the polishing process, except 
for some voids which are still occupied by the cement particles as shown in Figure 6.3. In addition, the 
voids either contain some product of hydration such as calcium hydroxide (CH) formation and irregular 
masses of calcium silicate hydrate (CSH) gel or possibly ettringite (as Figure 6.2), or are nearly empty 
of any recognizable products of hydration (Figure 6.3), which occurs when the particle plus polymer 
film enclosing hydration products are removed altogether. The CH deposition is identified by the 
EDXA analysis and by its formation in thin hexagonal plates set in parallel planes, with smooth 
featureless surfaces [6.1] (Figure 6.2(h)). This CH formation seems to encapsulate the CSH gel 
generated at the surface of the cement particles, which usually maintains a close contact with the outer 
shell of the cement particles.
In Figure 6.3(h) some surface coating of the cement particles is clearly visible in this micrograph. 
Figures 6.3(c) and 63(d) shows the EDXA analysis of the particles for the elements of carbon and 
calcium which are represented by their x-ray dot maps. This element scanning of the particles surface 
revealed that a polymer film is bonded to and envelops the cement grain. The formation of a polymer 
film is a result of coalescence of small polymer particles due to the destabilization of the surfactant, 
which coats the polymer particles, by the calcium ions and due to water loss by the process of cement 
hydration. Figure 6.4 shows some of the polymer particles at the point of coalescence at the age of 
1 day.
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Figure 6.2 : SEM micrographs showing typical morphology of 1 day 
hydrated latex—modified cem ent paste with P/C=2058.
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The polymer film formed around the cement grain is not smooth and contains some holes in its 
structure (Figure 6.3(h)), which are the consequence of the imperfect coalescence of the spherical 
polymer particles. The other possible cause of the holes in the polymer film is the penetration by some 
of the hydration products within the polymer film.
The polymer particles in the process of coalescing around the cement grain release the water from 
the immediate area around them. Some of this water is believed to be trapped underneath the polymer 
film. Other water might find its way to the surface of the cement particles for continued hydration 
through the holes in the polymer film. The available water will react with the surface of cement particles 
and results in a volume increase of the particles due to the formation of CSH gel and other products 
of hydration. This hydration product might result in blocking up holes in the polymer film and will tend 
to stop water from reaching other parts of the surface of the particle.
Figure 6.5(c) is typical of the CSH gel formation on the surface of cement particles and the polymer 
film which surrounds this particle at the age of 1 day. Figure 6.5(h) shows the polymer film presence 
by analysis for carbon. The features of the polymer film around the cement grain are revealed by acid 
etching of the cementitious phase and can be seen more clearly in Figure 6.6.
As the hydration process continues, the polymer film around the individual cement particle comes 
in contact with another polymer coated particle. The polymer film is then forced together to form a 
continuous polymer phase throughout the cement paste. This continuous polymer phase could be seen 
clearly in a specimen treated with HC1 at the age of 28 days as shown in Figure 6.7.
The effect of the polymer film formation around the cement particles, with the consequence of a 
low degree of hydration, combined with the necessity of using a low water-cement ratio in a latex-modified 
cement system, can be seen by comparing the 1 day cured latex-modified cement paste with that at the 
age of 28 days specimen cured continuously under water. Figure 6.8 shows the general features of the 
surface of latex-modified cement paste at the age of 28 days. It can be seen in these micrographs that 
further curing does not prevent the cement particles being removed by the polishing process. However, 
the voids at this age contain a larger amount of hydration products, compared to those at the age of 
1 day (Figure 6.2), which reflects the further hydration of the cement particles that has occurred. 
Figure 6.9 shows typical examples of cement particles at various degrees of hydration observed at the
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age of 28 days. It is clear from the above micrographs that the cement particles appear to be partially 
hydrated but separated from each other by the polymer film which prevents any direct bond and 
interaction between the adjacent cement particles.
The effect of the polymer phase on the hydration process and microstructural features of the 
latex-modified cement paste can be seen more clearly by comparing Figure 6.9 with a micrograph of 
plain cement paste cured for 1 day in the curing room (Figure 6.10). The reason behind choosing the 
1 day cured cement paste is that, as the maturity of the plain cement paste increases, individual particles 
become more difficult to detect. In addition, the degree of hydration of 1 day cured plain cement paste 
is higher than latex-modified cement paste with polymer-cement ratio of 20% at the age of 60 days (see 
Figures 7.1 and 7.2).
Figure 6.10 shows a typical area of a tensile failure face of plain cement paste. An extensive CSH gel 
formation on the surface of cement grains is clearly visible at this early stage of hydration. Another 
feature which can be observed in these micrographs is the interaction between the CSH gel radiating 
from adjacent cement particles (Figure 6.10(c)). This interaction of the cement particles provides the 
major strength of the plain cement paste
The microstructural observations reveal that latex-modified cement paste at this level of 
polymer-cement ratio has a very different microstructure from that observed in plain cement paste.
fL4 Latex-modified pulverized fuel ash and the significance of cement 
presence
Latex incorporation in cement system significantly lowers the degree of hydration of the cement. 
The cement in latex-modified cement paste behaves rather like a filler, especially at high polymer-cement 
ratio. However, as mentioned in Section 6.3, the cement presence is important and has a significant 
effect on the process of coalescence of the polymer particles.
A latex-PFA mix was studied in an attempt to illustrate that a system including an essentially 
unreactive filler such as PFA is not as effective as a latex-cement system where the cement is largely, 
but not completely, acting as a filler.
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Figure 6.11 shows the microstructure features of latex-modified PFA cured continuously in 
laboratory air for 28 days. As can be seen from the micrographs the continuous polymer film formation 
around the PFA particles is not observed and most of the polymer particles maintain their original 
spherical shape. Any partially formed polymer film is a result of drying shrinkage and water evaporation. 
It is worth mentioning here that the tensile strength of latex-modified PFA did not exceed 0.35 N/mm  ^
for specimens continuously cured in dry condition for 28 days. (This compares with a strength of about
7.5 N/mm  ^for a latex-modified cement mortar)
It can be concluded that complete cement replacement by a PFA filler is not possible and the 
presence of cement is very necessary for the formation of a continuous polymer film. This is due to the 
calcium ion discharges disturbing and breaking down the stabilizer system of the polymer particles and 
is also due to the increase in volume of the cement grains in the process of hydration leading to 
coalescence of polymer particles.
6.5 Microstructure of plain and latex-modified mortars 
6.5*1 Plain mortar
In the early stages of this microstructural study, the "Duplex layer" phenomenon reported to develop 
rapidly around the aggregate was investigated [6.2],
In this study, a similar phase to the duplex layer has been detected at the cement-aggregate interface 
zone, which can be exposed by tensile failure of the specimen. Figure 6.12 shows the microstructural 
features of this layer observed in plain mortar with water-cement ratio of 43%. The duplex layer consists 
of a continuous crystalline layer of CH followed by CSH gel layer deposited on the CH layer. In 
Figure 6.12(h) part of the CH layer has been removed with the aggregate particle. The orientation of 
CSH gel layer seems to be aligned normal to the aggregate surface.
A similar microstructural feature has been found in a high strength matrix (water-cement ratio 20%) 
as shown in Figure 6.13. Observation at a high magnification indicates that the tensile failure in high 
strength cement mortar, in nearly all cases, occurred by separation of particles from the face of aggregate
(6.11 b)
Figure 6.11 : SEM micrographs showing details morphology of
latex-m odified fuel ash with P/C=205K.
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without any part of the CH layer peeling. The tendency for this type of failure is most probably 
related to the low water-cement ratio of the matrix which forms a dense CH layer at the interface and 
a better bond between the successive parts of the duplex layer.
6.5.2 Latex-modified mortar of normal consistency and polymer-cement 
ratio 20%
The type of material discussed here is latex-modified mortar of normal consistency and with a 
polymer-cement ratio of 20%.
Close examination of the tensile failure surface of a specimen revealed that the material which had 
been in direct contact with the aggregate consisted of a non-continuous thin layer of CH followed by 
largely, though not exclusively, a CSH gel layer. Figure 6.14 shows the features of the interface zone at 
regions where separation from the aggregate had occurred over the CH, and sometimes, over the 
CSH layer. The orientation of the CSH gel layer seems, in most regions, to be aligned normal to the 
aggregate surface, but some laterally orientated layer is observed as in Figure 6.14(h).
Figure 6.15 show some other features of the interface zones and their corresponding carbon x-ray 
dot maps. It is clear from scanning these various regions for the element of carbon that neither the 
CH layer nor the CSH gel layer has any significant level of polymer detected. A similar result is observed 
on the aggregate surface as shown in Figure 6.16. The dot scatter shown in Figure 6.16(c) for example 
shows background effects rather than any strong indication that carbon is present on the surface.
■ j  Figure 6.17 shows a mortar specimen treated with HC1 solution to remove the cementituous phase 
from the surface layer. In general, the thickness of the duplex layer depends on the degree of hydration 
and whether the CSH gel layer is aligned normal to (Figure 6.17(c)) or oriented laterally to the aggregate 
surface. The apparent thickness of the duplex layer shown by the gap around the aggregate particles 
in Figures 6.17(a) and 6.17(h) is unlikely to be the actual thickness because the strained polymer film 
around the cement particles undergoes shrinkage as a result of the etching and drying process. However 
it does appear that there is little direct contact or strong adhesion between the polymer and the aggregate 
surface.
a J . j  i
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There are, however, regions where there is direct contact between the polymer film and the aggregate. 
These features can be seen clearly in the specimen treated with HC1 shown in Figure 6.18. The carbon 
dot map in Figure 6.18(h) also shows that the predominant continuous phase is the polymer film.
To study the microstructural features of the polymer film around the sand particles, specimens 
treated with HC1 and HF solvent were examined. Figure 6.19(c) is typical of the polymer film around 
four adjacent aggregate particles, whereas Figure 6.20 shows features of the polymer film along with 
the calcium and carbon dot maps. The polymer film in this region is characterized by holes of various 
sizes and shapes, which are places where hydration products were trapped in the polymer film before 
being removed by the etching process (Figure 6.20(c)).
6.5.3 Latex-modified mortar of normal consistency and P/C_== 10%
In the following section the microstructure of latex-modified mortar of normal consistency and with 
a polymer-cement ratio of 10% at the age of 28 days is discussed and compared with that of a mortar 
with polymer-cement ratio of 20%. Some significant differences were observed.
Figure 6.21 shows the general features of the mortar with a polymer-cement ratio of 10%, after 
etching with HC1 solution. This can be compared with Figure 6.17 for a mortar with a polymer-cement 
ratio of 20%. The honey-comb like structure of the polymer film observed in Figure 6.17 is not so clearly 
visible and the film is less dense and continuous. Figure 6.21(h) also shows extensive crystal growth of 
CSH gel which gives a clear indication of a higher degree of cement hydration and of interaction between 
the adjacent cement particles.
In this series, however, the duplex layer is still the main component of the contact zone as shown in 
Figure 6.22.
Q3A  Effect of water-cement ratio
The microstructure of a latex-modified mortar of water-cement ratio of 43% was compared with 
that of a mortar of normal consistency and polymer-cement ratio of 20%.
Figure 6.23 shows the general features of the high water-cement ratio mortar after treatment with 
HC1 solvent. The high water-cement ratio significantly influences the polymer film development, and
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the honey-comb like structure observed in mortar with low water-cement ratio (Figure 6.17) becomes 
slightly disintegrated and less uniform in this series. The effect of the high water-cement ratio on the 
polymer film development could be seen more clearly in Figure 6.24, which shows the polymer film 
around the aggregate particles.
A duplex layer of similar character to that in a low water-cement ratio mix is observed in this series 
as shown in Figure 6.25. However, the high water-cement ratio seems to influence the components of 
the duplex layer. The CH part of the duplex layer seems to be very thin and in most cases missing 
entirely (Figure 6.25), with CSH gel deposited directly on the surface of the aggregate. This observation 
has also been made by Barnes et al [6.3] and Khalaf et al [6.4].
The empty space or gap observed between the polymer film and the aggregate surface in mortar 
with low water-cement ratio is less pronounced in this series. This feature may be attributed to the 
thinner thickness of the duplex layer in mortar with high water-cement ratio.
6.5.5 Attempts to improve the bond between cement paste and 
aggregate by latex incorporation
In the study of the mechanical and physical properties of SBR(II)-modified mortar, an attempt has 
been made to improve the bond between the hydrated cement and the aggregate surface by altering the 
mixing procedure of the latex-modified mortar of polymer-cement ratio of 20% and water-cement ratio 
of 22.5%.
The mixing procedure as shown previously (in Section 5.3.9) has little influence on the mechanical 
and absorption properties of the mortar. The microstructure investigation on the pre-mixed 
latex-modified mortar has also not revealed any significant changes in microstructural features. 
However, as shown in Figure 6.26, rather more direct contact between the polymer film and the aggregate 
seems to be achieved although the general features of the polymer film network are similar. Nevertheless, 
the duplex layer observed in most latex-modified mortars is still the main component of the interface 
zone in latex-modified mortar with low water-cement ratio as shown in Figure 6.27.
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fL£ SEM observation of crack development in plain and latex-modified 
cement paste and mortars
6,6,1 Cement paste with low water-cement ratio
The specimen discussed here is a cement paste with a water-cement ratio of 20%
The general appearance of the notch in a specimen mounted in the tensile rig, prior to loading 
application, is shown in Figure 6.28. Close examination of the surface of the specimen revealed the 
existance of some cracks. These cracks were probably due to drying shrinkage during specimen 
preparation. The shrinkage crack pattern was characterized by being repeatedly branched, sometimes 
continuous, and extending far into the specimen. Concentrating on the region near the notch, Figure 6.29 
shows, in a sequence of micrographs, part of a typical shrinkage crack, starting from the root of the 
notch. Some additional observations, by following one of the branches of the crack shown in Figure 29(g), 
may be of importance. Figure 6.30 shows details of this branch and its point of termination 
(Figure 6.30(d)). It can be seen in these micrographs that some smaller cracks join the main crack along 
its path, and the point of termination is usually in a region where a small crack diagonal to two larger 
cracks joins them together. The crack width is approximately between 2 and 4jim as shown in 
Figure 6.31. Other features of the shrinkage crack pattern are that crack branching does not occur at 
regular intervals and that, at the point of branching, two cracks originate as shown in Figure 6.32.
It is important to report here that this typical crack pattern is independent of whether the specimen 
was kept dry, sealed or wet during curing until the time of the preparation for SEM examination.
It was not always possible to identify the active crack (i.e. the crack which opens up and becomes 
the failure path) and examine its progress once loading commenced, since the specimens contained a 
large number of cracks and once the crack starts to open up a sudden failure always followed. However, 
following part of an active crack and some of its development has been possible.
Figure 6.33 shows one of the shrinkage cracks starting to open up from the notch. The crack width 
is about 10 jum at the notch and does not reduce markedly until the point where the crack jumps across 
to another crack (Figure 6.33(d)).
Figure 6.28 : SEM micrographs showing a typical notch used in
tensile specimens.
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Figure 6.29 : SEM m icrographs showing som e features of shrinkage 
cracking in  ordinary cem en t paste with W/C=20SS.
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Figure 6.33 : SEM m icrograp h s show ing d eta ils  o f p ortion
of the  shrinkage crack  sta rted  open ing up as a 
r e su lts  of in it ia l ap p lication  of te n sile  loading.
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Figure 6.34 shows the line of fracture of the specimen. As can be seen this line is not straight, but 
consists of small segments of various lengths. The crack is deflected around unhydrated or partially 
hydrated cement particles, as shown in Figure 6.35, where the dark zone near the centre of Figure 6.35(a) 
is an unhydrated or partially hydrated cement particle.
It has been shown then that the line of fracture follows closely part of the pre-existing shrinkage 
crack path. When it deviates from that path into an uncracked region a tearing action of the cement 
paste sometimes occurs. The tearing depends on the position of the line of fracture, the shrinkage crack 
pattern and the angle between the shrinkage crack branches. The line of fracture can pass close to the 
point of branching and can cut through the two branches generated from that point as shown in 
Figure 6.36. This process sometimes results in mobilizing and opening up the shrinkage crack in the 
vicinity. The above two actions combined together may result in tearing of some portion of cement 
paste and formation of a hinge configuration at the point of branching. Otherwise, the line of fracture 
cuts through the specimen without any side effect as shown in Figure 6.37.
6.6.2 Cement paste with high water-cement ratio
This section summarizes observations of the crack pattern in a cement paste specimen (similar to 
that in section 6.6.1) of water-cement ratio 43%.
The shrinkage crack pattern exhibits several branches and features similar to the low water-cement 
ratio paste. A typical shrinkage crack pattern with branching features which later start to open up under 
load can be seen in Figure 6.38, which shows various parts of the shrinkage crack across the specimen. 
The width of the crack increased from the typical value of 4 mn under zero load up to approximately 
6 urn just before failure as shown in Figure 6.39(h). A second loading increment was then applied which 
resulted in fracture of the specimen as shown in Figure 6.40. The line of fracture is not quite straight, 
but has a rather irregular shape following closely a large part of the shrinkage crack path. This can be 
seen clearly by comparing micrographs of the unloaded shrinkage crack pattern with the fracture line, 
as shown in Figure 6.41.
Figure 6.42 shows an unaffected shrinkage crack region near the line of fracture, and the tearing of 
a portion of the cement paste. This tearing action results from the line of fracture passing close to a 
branching point, mobilizing and opening up some of the adjacent shrinkage cracks.
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’( 6 . 3 8  b )
(6 .30  c )
F ig u re  6 .38 : SEM m ic ro g ra p h s  show ing  th e  f e a tu r e s  o f s h r in k a g e  
c r a c k s  p a t t e r n  in  o rd in a ry  c e m e n t  p a s te  
w ith  W/C=435)5.
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In general, it appears that the features of the shrinkage crack pattern and the tensile failure pattern 
observed here are very similar to those previously observed for a cement paste with water-cement ratio 
of 20%.
6.6.3 Latex-modified cement paste
The specimen described in this section is latex-modified cement paste made with polymer-cement 
ratio of 20% and water-cement ratio of 20%.
Before reporting the findings of the tensile fracture process, it should, however, be mentioned here 
that close examination of the surface of the specimen (which had undergone the same preparation as 
the plain cement paste specimens) did not show the existence of shrinkage cracks. This important 
feature could be attributed to the fact that the predominant continuous phase in latex-modified cement 
paste at this level of polymer- cement ratio is the polymer film which is charaterized by a very low elastic 
modulus in comparison to the Portland cement. Thus, any stress induced by the shrinkage strain will 
be absorbed by the polymer phase rather than by microcrack formation throughout the paste structure. 
The microcracks in plain cement paste relieved the stress in the region around them.
Features of the development of cracking in a latex-modified paste specimen are shown in Figure 6.43. 
On the first loading stage of this specimen a crack was first noticed at the root of the notch. The greatest 
width of the crack immediately on its formation was measured at approximately 2.5 nm as shown in 
Figure 6.44.
The crack observed is not straight and some crack branching and jumping occurs as shown in 
Figure 6.45 and Figure 6.46 respectively. The crack jumping phenomenon possibly occurred when the 
crack propagation is halted by the existence of a dense region of polymer at or near the crack tip and 
by the formation of polymer strands across this crack. In this case, another crack will originate in a 
weaker region in the vicinity of the halted crack. This newly formed crack is slightly ahead of the halted 
one and nearly parallel to it.
Figure 6.47 shows the same branching region as that in Figure 6.45 after the specimen has been 
loaded to the second stage. As can be seen in this micrograph only one branch of the crack remains
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active and the other did not widen or extend. Also, at this stage, the further opening up of the crack 
previously shown in Figure 6.46 to a width of about 5 urn results in breaking of the polymer strands as 
shown in Figure 6.48.
Figure 6.49 shows in a sequence of micrographs the general appearance and the crack progress at 
the end of the second loading stage. In the micrograph another crack jump is clearly visible. Figure 6.50 
shows at increased magnification a region near the end of the crack on the right of Figure 6.49(d). Some 
strands still bridging the crack can be seen. However, it should be noted that extensive strand networks 
bridging cracks, as suggested by Isenburg et al [6.5], have not been observed.
In this case of crack jumping and in contrast to the crack branching, both of the cracks remain active 
and start to open up and extend under further loading. In addition, the crack jumping usually results 
in a tearing action of some of the cement paste as shown in Figure 6.51, which is taken at the same 
location as Figure 6.49(d), at the end of the third loading stage.
Figure 6.52 shows the propagation and details of the crack at the end of the third loading increment. 
There is a polymer-rich region at the crack tip as shown in Figure 6.53(c), which causes crack jumping. 
Under another loading increment, the propagation of this crack is retarded but the adjacent crack opens 
up as shown in Figure 6.54. Further crack jumping can be seen in Figure 6.55, which also shows the 
details of the newly formed crack and further opening of this crack under another loading increment. 
Then, following another loading increment, the specimen abruptly fractured (Figure 6.56).
6.6.4 Plain mortar with low water-cement ratio
The material studied here is an plain mortar (sand-cement ratio 2.5:1) made from the same Portland 
cement of the previously discussed paste specimen, and at the same water-cement ratio of 20%.
The surface of the specimen was first examined, prior the loading, for the existence of shrinkage 
cracks. Figure 6.57 shows typical fine cracks observed in this type of specimen. The image in 
Figure 6.57(b) has been obtained using an x-ray scan. The maximum width of these cracks is about 
3 Aim. The micrographs also show that the shrinkage crack is not exclusive to the cement-aggregate 
interface, but extends into the surrounding matrix. The crack-free interface region also observed in this 
mortar is believed to be a direct result of a good bond between the duplex layer, or, being more specific, 
between the CH part of the duplex layer and the aggregate surface.
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Figure 6.50 : SEM micrographs showing details of the temporary
halted crack shown in Fig (6.49 d).
Figure 6.51 : SEM micrographs showing the tearing action of some 
portion of cem ent paste as a result of crack jumping.
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Figure 6.53 : SBM m icrographs showing details of th e  crack  tip  a t  „•____ ,  , .  the end of the third loading stage. Figure 6.54 : SBM m i c r o g r a p   deta ils  of the crack tip shown
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(6.55 a) General appearance of the crack jum ping.
(6.55 b) High m agnification  of the newly form ed crack.
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F igure 6.55 : SEM xmcrographis showing d eta ils  of th e  c rac k  jum p in g  
and  fu r th e r  opening up of th e  c ra c k  un d er 
a loading in c rem en t.
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One of the great difficulties in studying the crack propagation in plain mortar is the extensive crack 
growth under the load application and the sudden fracture of the specimen. Nonetheless, some important 
features of the mortar behaviour under tensile loading could be observed. Figure 6.58 shows the general 
appearance of the crack when observed after the first loading increment. The greatest width of this 
crack immediately on its formation is about 65 um.
Figures 6.58 and 6.59 shows some details of the crack along its path after the first load increment. 
The important observations made are, firstly, that the main crack propagation did not mobilize and 
open up any adjacent crack along its path, hence no tearing action is observed. However, one crack 
branching point is observed (Figure 6.59(a) and 6.59(b)) which might result in tearing some portion of 
the cement mortar. Secondly, the main crack runs, in almost all regions, at the cement-aggregate interface 
i.e. in the CH part of the duplex layer and not near to it [6.6].
The unhydrated or partially hydrated cement particles can be easily recognized in this type of 
specimen as shown if Figure 6.60. It has been shown previously, in discussing the cement paste with 
low water-cement ratio (section 6.6.1), that the cement particles act as crack stoppers and the line of 
fracture invariably skirts around them. Hence their function is very similar to that of aggregate particles. 
This is hardly surprising when we consider that the strength of the original cement clinkers is expected 
to be similar to that of anhydrous silicate materials [6.7] i.e. much greater than hardened cement paste.
6.6.5 Plain mortar with high water-cement ratio
The type of specimen described in this section is a plain mortar with water-cement ratio of 43% 
and a sand-cement ratio of 2.5:1.
Figure 6.61 shows typical shrinkage cracks, prior to loading, observed in specimens of this type. The 
shrinkage crack pattern is more extensive than for the low water-cement ratio plain mortar and is 
characterized by being repeatedly branched. The branching points are on the cement-aggregate 
interface. The width of these cracks varied, with the widest crack measured at approximately 4 urn.
As a result of the first loading stage, a long and relatively wide crack is generated. Figure 6.62 shows 
the general appearance of this crack. The crack width near the root of the notch is approximately 35 nm, 
and gradually diminishes in the direction of propagation, approaching a width of about 4 nm near the 
end.
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1,11KX 15KU WD!21 MM S «00006 P:00035
(6.60 a)
(6.60 b) X—ray of the are a shown in (6.60 a).
Figure 6.60 : SEM micrographs showing the shrinkage crack going 
around the unhydrated or partially hydrated 
cem ent particles.
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On examination of the crack at slightly higher magnification (Figure 6.63), it was observed that a 
certain amount of tearing action occurred as a result of mobilizing and opening up some of the shrinkage 
cracks near the main crack path. Another important feature which could be observed in these 
micrographs is that the main crack path appears to run preferentially at the cement-aggregate interface. 
This type of interface failure is expected since most of the shrinkage cracks are concentrated in the 
interface area which provides a weaker region, in comparison to the cement paste, for the crack to 
propagate. This is also attributable to the fact that the tensile strength of the cement-aggregate bond 
is lower than that of the cement paste [6.2].
The cement-aggregate interface failure can be seen more clearly by following the crack propagation 
around one of the aggregate particle. Figure 6.64 shows, in a sequence of micrographs, the crack 
propagation around an aggregate particle. This observation of cement-aggregate bond failure agrees 
with previous (sections 6.5.1 and 6.5.2) examinations of the tensile failure face of the plain mortar with 
high water-cement ratio, where it has been shown, and confirmed by other investigators [6.3], that 
cement-aggregate bond failure usually occurred by separation of the aggregate with occasional peeling 
of small portions of the duplex layer from the contact region.
To illustrate the influence of the shrinkage crack on the tensile fracture of mortar, another specimen 
failure is reported here. Figure 6.65 shows the general appearance of the notch and details of the 
shrinkage crack near its root and around the aggregate in that region. On loading this specimen, the 
crack produced followed very closely the pre-existing shrinkage crack to a considerable extent as shown 
in Figure 6.66. Such shrinkage cracks have a major effect in decreasing the tensile resistance of 
cement-based materials.
The tensile failure of mortar with high water-cement ratio is similar to that of plain mortar with low 
water-cement ratio, but the extensive existance of shrinkage cracking and the weaker matrix results in 
a catastrophic type of failure with damage local to the fracture path as shown in Figures 6.63(c) 
and 6.63(h).
5.6.6 Latex-modified mortar
The material considered in detail here is a latex-modified mortar of polymer-cement ratio 20%, 
water-cement ratio 20% and sand-cement ratio of 2.5:1.
(6 .6 3  b ) | S j
(6 .6 3  c )
(6 .6 3  d)
F ig u re  6 .6 3  : SEM m ic r o g r a p h s  sh o w in g  d e ta i ls  o f th e  c r a c k
a lo n g  i t s  p a th .
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(6.64 a) Zero load.
(6.64 b) First loading increment.
(6 .64 c) C rack  a t  fa ilu re .
F igure 6.64 : SEM m ic ro g ra p h s  show ing a t  in c re a s in g  lo ad in g  in c r e m e n t  
th e  c ra c k  p ro p o g a tio n  a ro u n  th e  agg rega te  p a r t ic le .
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Figure 6.66 : SEM m icrographs showing details features of portion  
of the shrinkage crack started  opening up as 
a resu lts of ten sile  loading.
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The main feature peculiar to this type of specimen is the lack of extensive shrinkage cracks compared 
to plain mortar specimens. Even if some shrinkage cracks are detected, these cracks are characterized 
by being localized at the cement-aggregate interface, non-continuous, rare to find, and do not appear 
to extend very far into the surrounding matrix. Figure 6.67 shows some of these fine shrinkage cracks. 
The greatest width of these cracks observed is approximately 2/Um.
Figure 6.68 shows the crack immediately on its formation, after application of the first loading stage. 
The crack width near the root of the notch is approximately 68/Um.
Figure 6.69 shows the further propagation of the crack under the second loading increment. The 
main features which can be seen in these micrographs are the formation of a few polymer strands across 
the cracks (Figure 6.69(d)) which will tend to absorb some of the crack propagation energy. This halting 
action can again result in crack jumping i.e. generating a new crack in a weaker region, parallel to and 
slightly ahead of the halted one (Figure 6.69(h)). Under the third loading increment the cracks shown 
in Figure 6.69 are joined together to form a much more distinct and extensive crack which also results 
in tearing of the polymer strands as shown in Figure 6.70(h).
An additional observation is the feature of the unhydrated or partially hydrated cement particles 
which vary in size up to 60 Aim. These particles act as "crack stoppers" where the crack skirts around 
them in a similar way to that of the aggregate particles.
After another loading increment further propagation of the crack is observed. Then following yet 
another loading increment, the specimen abruply fractured. These two loading increments are shown 
in Figure 6.71. When there is some direct contact between the polymer film and the aggregate surface, 
as previously reported, the polymer strand at the interface restrains the crack propagation 
(Figure 6.71(c)), in a similar manner to that observed in the matrix. However, in most regions, the crack 
still appears to run at the cement-aggregate interface as shown in Figure 6.72.
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(6.67 a)
(6.67 b)
Figure 6.67 : SEM micrographs showing features of the shrinkage
crack in latex-m odified mortar.
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(6 .68 b)
(6 .68 d)
(6 .68  e)
(6 .68 f)
Figure 6.68 : SEM m icrographs showing deta ils of the crack produced  
in  the sp ec im en  as a resu lts  o f the fir st  
loading in crem en t.
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(6.69 c) (6.69 d)
Figure 6.69 : SEM m icrographs showing the further propogation of 
the crack under the second loading increm ent.
3 - 1 3 K X 2 3 K U WD 22MM S 0 8 0 0 8  P • 0 0 0 0 21 pun --------------------
(6.70 a) (6.70 b)
Figure 6.70 : SEM m icrographs showing details of the crack  
propogation after the third loading increm ent.
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Figure 6.71 : SEM m icrographs showing further propogation of the  
crack  under loading in crem en ts.
WD 22MM S 0 0 0 0 8  P 0 0 0 1 2
Figure 6.72 : SEM m icrographs showing details of the crack  
propogation at the in terface betw een the  
aggregate and cem en t m atrix.
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&Z Conclusions
From the microscopic observation the following conclusions are drawn.
6.7.1 General observations
(1) The latex particles bond to the surface of the Portland cement paticles,and start to coalesce from 
the time of mixing to form a well-developed continuous polymer film around the individual 
particles within the first 24 hours.
(2) The latex particles do not penetrate the gel area, and as the gel area around the cement grain 
increase in size, the polymer film undergoes strain to absorb this volume increase.
(3) The replacement of Portland cement by pulverized fuel ash filler is not possible and the presence 
of cement is very necessary for the formation of a continuous polymer film. This is because the 
calcium ion discharges have the function of disturbing and breaking down the stabilizer system 
of the polymer particles. The increase in volume of the cement grains during hydration, and local 
removal of water also aids coalescence.
(4) These investigations have confirmed that the zone of contact in plain mortars consists of a CH layer 
in contact with the agggregate surface followed by a CSH gel layer i.e. a "duplex layer". The 
CH layer in the interfacial zone of high strength mortar is more dense than that of the ordinary 
strength one.
(5) A similar composition to the duplex layer found in plain mortar is detected at the cement-aggregate 
interface in latex-modified mortar. Although some dense areas of CH layers are observed at the 
interface, the CH layer in most cases is very thin and did not form in a continuous layer or was 
missing entirely, with a CSH gel layer deposited directly on the aggregate surface, especially in 
mortar with high water-cement ratio. This composition of the interfacial zone usually overlain 
by a polymer film.
(6) The thickness of the duplex layer around the individual aggregate particles in latex-modified 
mortar is variable, depending on the CSH gel orientation. Some direct contact between the 
polymer phase and the aggregate surface occurs.
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(7) The predominant polymer phase, the isolation of the individual cement grain by a polymer film 
and the honey-comb-like structure observed in mortar with polymer-cement ratio of 20% becomes 
less pronounced in mortar with polymer-cement ratio of 10%, where there is evidence of better 
hydration and interaction between the adjacent cement particles.
(8) Changing the process of mixing as that in pre-mixed latex-modified mortar revealed no significant 
microstructural changes.
6.7.2 Crack propagation
(1) Close examination of the surface of ordinary and high strength plain cement paste revealed the 
existence of shrinkage cracks due to drying. The cracks are characterized by being repeatedly 
branched, sometimes continuous and extending very far into the specimen. This crack pattern is 
independent of the curing condition i.e. air dried, sealed or wet cured, prior to preparation for 
examination in the SEM.
(2) The line of fracture in ordinary and high strength plain cement pastes follows closely a large part 
of the pre-existing shrinkage crack path. When this line deviates from that path into an uncracked 
region, and passes close to a point of branching of a shrinkage crack, a tearing action of some 
cement paste occurs.
(3) In latex-modified cement paste the material is comparatively free of any shrinkage cracks and the 
line of fracture cuts its way through the specimen by a sequence of crack jumping. This occurs 
when the propagation of the crack is halted by the existence of a dense region of polymer film at 
the crack tip and by formation of polymer strands across the crack, although extensive strand 
networks across cracks have not been observed.
(4) Ordinary and high strength plain mortar contain shrinkage cracks situated around the aggregate 
and extending into the surrounding matrix. These cracks are extensive and more pronounced in 
mortar of ordinary strength where the aggregate particles act as a point of branching for these 
cracks.
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(5) Latex-modified mortar is charaterized by being nearly free of any shrinkage cracks. Even if a 
crack is detected it is localized at the cement-aggregate interface, non-continuous and does not 
extend very far into the surrounding matrix.
(6) The line of fracture in all mortars, plain and latex-modified, runs preferentially at the 
cement-aggregate interface. However, this line in ordinary and high strength plain mortars follows 
some of the pre-existing shrinkage crack around the aggregate and the cement matrix.
(7) The unhydrated or partially hydrated cement particles act as crack stoppers, similar to the 
aggregate particles, and the line of fracture invariably skirts around them.
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Chapter 7
Hydration Characteristics of Plain and Latex-Modified Cement
Paste
TA  Introduction
It is well known that the development of the mechanical properties of a plain cement system is 
strongly related to the rate of hydration of the cement used. However our knowledge of the influence 
of polymer addition on the hydration of cement, which considerably influences the mechanical 
properties, still requires further investigation.
Several investigators have reported upon the hindering influence of a monomeric or polymeric 
additive on the hydration of cement in a latex-modified cement system. Nevertheless, the significance 
of cement hydration in commonly used latex-modified cement systems has not been clarified convincingly 
or monitored in detail.
This chapter reports a study of the hydration of the cement in latex-modified cement pastes, based 
on the two types of SBR and one acrylic latex and a superplasticizer addition used previously. The 
hydration is examined, as a function of different curing conditions, by the well-established technique of 
determination of the non-evaporable water content at various stages of hydration over a two month 
period.
The results of hydration of the cement are used in a modified Powers model of the hydration process. 
The model allows the physical composition of the latex-modified cement paste to be computed as a 
function of water-cement ratio, polymer-cement ratio and curing conditions.
!L2 Materials and experimental procedures
There are several methods available for determining the degree of hydration of the Portland cement 
paste system such as determination of the chemically combined water, differential thermal
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analysis (DTA), conduction calorimetry, and x-ray diffraction. In this investigation the method of 
determination of the chemically combined water was adopted, due to its simplicity and good 
accuracy [7.1].
7.2.1 Preparation of specimens
The mix proportions used in the manufacture of the paste specimens are given in Table 7.1. As 
indicated in the table, the polymer-cement ratio and the water-cement ratio used were identical to those 
of the latex-modified mortars studied.
Table 7.1. Mix proportions of cement pastes.
Type of paste W/C
(%)
P/C
(%)
S/Ca
(%)
plain 43 0 0
super­ 30 0 1
plasticized 20 0 3
series 30 10 0
SBR(I)- 00 20 20 0
modified series 43 10 0
(II) 43 20 0
SBR(II)- series 37 10 0
modified (II) 22.5 20 0
series 28 10 0
acrylic- (I) 27 20 0
modified series 43 10 0
(II) 43 20 0
a superplasticizer(Melment)/cement ratio
A mixing procedure similar to that specified in ASTM C187-83 [7.2] was adopted, with the exception 
that all the mixes were not at normal consistency. The superplasticizer was added to the water-cement 
mixture after the first 90 seconds of mixing, at a low speed in a "Hobart" mixer. For latex-modified
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cement paste, the latex and water were added simultaneously and mixed initially for 90 seconds. The 
paste was allowed to stand for about 30 seconds and checked for any false set, then re-mixed at medium 
speed for a further 60 seconds.
Three moulds, each consisting of five prisms of a size 15x15x150 mm, were cast for each mix. The 
specimens were subjected to three different curing schemes:
(I) Wet Curing Conditions: Two days in the mould covered by polythene sheets in the fog 
room at 20°C and 95% R.H., then stored in water until the test time.
(II) Dry Curing Conditions: Two days in the mould covered by polythene sheets in the 
fog room at 20°C and 95% R.H., then stored in the laboratory condition at 20 ± 3°C and 
50 to 60% R.H. until the time of test.
(III) Sealed Curing Conditions: Two days in the mould and in a completely sealed 
polythene bag and placed in the fog room. The specimens were re-wrapped and sealed 
again after de-moulding and stored in the fog room until the time of test.
[Note: some specimens were removed from the moulds after 1 day and immediately
tested to obtain 1 day hydration results]
The common two days in the mould is to ensure good initial cement hydration, while the rest of 
curing scheme (I) is considered to provide the ideal condition for continuous and complete hydration 
of the cement. Curing scheme (II) gives the best result for the polymer effect according to the principle 
of film formation requiring dry conditions. In addition, this scheme will determine the possible sealing 
effect believed to be provided by the polymer film, which is claimed to cause more complete hydration 
of the cement [7.3, 7.4]. Curing scheme (HI) will show the maximum degree of hydration of the cement 
when no water movement to or from the cement system is allowed.
Z.2,2 Drying the samples and determination of the non-evaporable water
At the age of testing a 5 g portion of the specimen was cut and ground using a pestle and mortar. 
The granular sample was then placed in an oven maintained at 105°C for about 2 hours until it had 
reached a constant weight.
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Four samples, each about 1 g in weight, were transferred to a furnace where they were fired at a 
temperature of 1000°C for 15 minutes. The samples were cooled and weighed. The amount of water 
lost by the ignition minus the organic fraction of the polymer (if any) is called the non-evaporable or 
combined water content of the sample. (It is assumed that the polymer is burnt off and removed with 
the water from the sample.)
Zi3 Results and discussion
In general results of the hydration characteristics of cement pastes are shown in Table 7.2. The 
term WQ represents the percentage of non-evaporable water per gram of dry cement. The values given 
are averages of results from four samples. The time is days from casting the specimens.
7.3.1 Effects of latex type and polymer-cement ratio
Figures 7.1 and 7.2 show the amount of combined water for plain, SBR(I)-modified and 
acrylic-modified cement pastes respectively at different stages of hydration. The results shown were 
obtained from pastes cured continuously in sealed conditions at a water-cement ratio of 43%. Although 
this water-cement ratio seems to be very high for the latex-modified systems to be of practical use, it 
was considered to be essential in order to evaluate the effect of the polymer itself, rather than the effect 
of the lower water-cement ratio required for latex-modified cement systems of similar consistency.
Chapter 7
Table 72. Hydration characteristics of cement pastes.
Type of 
paste
Curing
conditions
W/C
(% )
P/C
(% )
Non-evaporable water content (Wn) 
g/g of dry cement (% )
Id 2d 3d 6d 7d 14d 28d 42d 60d
wet 11.65 11.96 14.28 16.24 17.11 18.90 19.95 21.16 21.15
plain dry 43 0 - - 13.46 14.15 14.82 15.02 1539 16.22 18.15
sealed 9.45 12.12 15.36 16.73 17.31 19.09 20.40 2032 21.08
Id 2d 3d 5d 8d 16d 30d - 65d
wet 10.23 12.96 14.60 15.36 16.30 16.81 18.49 - 19.24
dry 30 0 - - 13.20 13.38 13.23 14.39 14.61 - 15.98
super- sealed 10.62 12.98 14.16 1435 14.92 16.38 17.29 - 18.61
plasticized Id 2d 3d 5d 8d 16d 30d - 65d
wet 8.38 9.91 11.15 12.89 13.87 14.23 14.35 - 15.26
dry 20 0 - - 10.45 11.96 11.87 12.19 12.46 - 12.73
sealed 8.62 10.16 10.49 12.40 12.22 13.29 13.39 - 14.90
Id 2d 3d 6d 7d 14d 29d - 57d
wet 5.15 9.20 9.90 11.91 11.96 12.03 13.71 - 14.44
dry 30 10 - - 8.90 9.25 10.37 10.30 10.98 - 11.24
sealed 5.67 8.20 9.44 10.61 11.09 11.30 12.70 - 13.34
Id 2d 3d 5d 7d 14d 28d 42d 58d
wet 0 1.20 2.66 3.00 3.12 3.41 333 4.90 4.90
dry 20 20 - - 1.67 1.74 1.99 2.05 2.19 2.25 233
SBR(I)- sealed 0 1.06 2.51 2.46 237 2.65 2.91 3.82 3.95
modified Id 2d 4d 5d 7d 14d 34d 43d 64d
wet 4.50 6.89 10.89 1235 14.25 15.97 15.96 16.28 16.80
dry 43 10 - - 9.47 9.65 10.02 11.01 11.26 12.36 12.72
sealed 4.79 6.55 10.47 11.65 13.04 14.17 14.89 15.83 16.83
Id 2d 4d 5d 7d 14d 34d 43d 60d
wet 0.38 0.65 3.90 4.49 6.00 7.84 9.09 9.13 10.63
dry 43 20 - - 234 4.33 4.60 5.37 5.10 5.10 530
sealed 0 0.02 2.47 4.79 6.18 6.20 7.40 7.90 8.71
continued
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Table 12. Hydration characteristics of cement pastes (continuation).
Type of 
paste
Curing
conditions
W/C
(% )
P/C
(% )
Non-evaporable w ater content (Wn) 
g/g of dry cement (% )
Id 2d 3d 6d 8d 14d 28d 42d 58d
wet 3.73 6.49 7.47 10.00 10.46 12.44 14.60 15.12 16.23
dry 37 10 - - 7.45 8.46 8.65 10.20 10.19 11.09 11.09
SBRfll)- sealed 3.37 629 7.67 9.96 10.41 12.13 13.34 13.81 15.13
modified Id 2d 3d 8d 16d 30d - 65d
wet 3.28 5.91 6.29 7.69 1030 11.30 11.85 1237
dry 22.5 20 . - - 5.74 6.85 7.43 8.05 8.30 8.70
sealed 3.33 5.49 6.63 8.42 9.63 10.62 10.93 11.20
Id 2d 3d 6d 14d 33d 44d 60d
wet 3.28 5.91 6.29 7.69 1030 11.30 11.85 1237
dry 28 10 - - 5.74 6.85 7.43 8.05 8.30 8.70
sealed 3.33 5.49 6.63 8.42 9.63 10.62 10.93 11.20
Id 2d 3d 7d 15d 31d 42d 56d
wet 0.15 1.48 239 6.36 6.30 7.29 7.64 7.67
dry 27 20 - - 2.4 3.89 3.65 3.78 4.00 3.99
aciylic sealed 0 1.93 2.08 4.48 5.07 6.16 633 6.60
modified Id 2d 3d 7d 14d 25d 42d 60d
wet - 4.72 4.90 6.09 11.36 13.32 13.71 15.61
dry 43 10 - - 4.94 5.76 6.28 7.72 7.83 8.23
sealed - 4.28 5.41 5.93 12.21 13.70 14.48 14.92
Id 2d 3d 7d 14d 25d 42d 60d
wet - 0.42 0.53 1.20 5.46 6.81 7.28 730
dry 43 20 - - 1.20 130 132 1.82 1.85 2.77
sealed - 0.40 0.56 135 4.11 6.10 6.85 6.79
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It is apparent that the latex systems studied decrease the rate and degree of hydration of the cement 
relative to that in plain cement paste of the same water-cement ratio.
At the age of 1 and 2 days (Figures 7.1 and 7.2), the increase in polymer-cement ratio in the paste 
from 10% to 20% generally leads to considerable retardation of the cement hydration in 
both SBR(I)-modified and acrylic-modified cement paste. Between the age of 1 and 7 days acceleration 
of cement hydration takes place in plain and SBR(I)-modified cement paste. However the rate of 
hydration decreases with the increase in polymer-cement ratio. For acrylic-modified cement paste 
between the age of 1 and 7 days (Figure 7.2) the rate of cement hydration is considerably reduced in 
comparison to that of SBR(I)-modified cement paste. This retarding action of the cement hydration 
and the kink in the rate of hydration at the age of 7 days, which is clearly visible at a polymer-cement 
ratio of 10%, conicides with the strange behaviour in the early stage of drying of the acrylic-modified 
mortar (see Figure 5.47), where the mortar undergos swelling which reaches a maximum at 7 days. Thus, 
it is clear that the acrylic latex in the cement system retards the early hydration of cement while the 
polymer phase absorbs the water, which is necessary for the cement hydration. This results in swelling 
of the modified cement system. Once the polymer phase seems to nearly reach its saturation level, 
excess water then will be available for the cement hydration. This later stage is illustrated by acceleration 
of the rate of cement hydration in acrylic-modified cement paste after the age of 7 days.
At a later stage of cement hydration in latex-modified cement paste (Figures 7.1 and 7.2) the rate 
of hydration decreases markedly. This decrease occurs at a lower degree of combined water per gram 
of dry cement as the polymer-cement ratio increases.
For the conditions of Figures 7.1 and 7.2 (i.e. water-cement ratio 43% and sealed curing conditions), 
the type of latex has only a small effect on the final degree of hydration, which is approximately 16% 
for a polymer-cement ratio of 10% and 8% for a polymer-cement ratio of 20%. The effect of latex type 
is more marked when dry curing results are considered in the next section.
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7.3.2 Effect of age and curing^.Qndilions
Figures 7.3 to 7.5 show the influence of curing conditions on the degree of hydration for plain and 
latex-modified cement pastes of water-cement ratio 43%. The curves are generally similar indicating 
a rapid decline in the rate of hydration after the first 7 days, due to the lack of water or space for 
continued hydration as will be discussed later.
Dry conditions
In the case of all the cement pastes cured at 50% to 60% R.H., the water evaporated before the 
cement reached its maximum possible maturity.
Acrylic-modified cement paste cured in dry conditions (Figure 7.5) shows a very low degree of 
hydration and a considerable decrease in comparison to that of SBR(I)-modified cement paste of 
identical mix proportions (Figure 7.4). This is related to the fact, firstly, that the incorporation of an 
acrylic polymer in cement paste retarded the early cement hydration to a slightly greater extent than 
the SBR(I) latex. Thus, transferring the acrylic-modified cement paste to laboratory conditions after 
the initial 2 days curing in the fog room, results in quick evaporation of the uncombined water (see 
Figure 5.47) before any significant level of cement hydration has taken place. Figures 5.46 and 5.47 
showed that acrylic-modified mortars had a much greater water loss due to drying in the laboratory that 
did SBR-modified or plain mortars. For the acrylic-modified paste, there is little further hydration 
during the dry curing stage, whereas for the SBR-modified pastes, a significant amount of hydration 
continues during the period in laboratory air. Secondly, the acrylic polymer film absorbs a large quantity 
of water (about 52% by weight within the first 3 days, and more than double its weight within the 28 days) 
compared with SBR(I) polymer film (maximum water absorption of 31% by weight). This water is 
believed to be tied up by the polymer film and will not be available for cement hydration. The amount 
of water tied up by the hydrophilic characteristics of the polymer film is expected to be much higher in 
the actual case when the polymer particles are mixed with cement and water, because, the unit volume 
of polymer with an average size polymer particle of 0.15 um in diameter has a very high surface area of 
about 10 5-5cm2/cm3>
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The amount of combined water per gram of cement has not been corrected for any carbonation 
during this stage of dry curing. The carbonation is assumed to be small due to the relatively impermeable 
material, short time of exposure and low degree of hydration.
Sealed condition
Specimens which have not been allowed to lose moisture show a better degree hydration than the 
dry cured specimens.
Wet conditions
Water curing allows the fullest possible hydration of the Portland cement. It is found in some cases 
that water curing had practically the same effect or a slightly higher degree of hydration as curing in 
the sealed condition. This effect can be clearly seen in plain cement paste with water-cement ratio 
of 43% (Figure 7.3). The reason behind this behaviour is that the actual water-cement ratio of the mix 
is, in this case, enough to complete the hydration of all the cement particles. Hence water from outside 
for further cement hydration is not needed. The maximum value for the non-evaporable water content, 
about 21%, is close to the value of 23% assumed by Powers in his models of hydration behaviour [7.1].
The influence of curing condition on superplasticized cement is nearly identical to that of plain 
cement paste with water-cement ratio of 43% as shown in Figures 7.6 and 7.7. The most important 
point emerging from this study of the rate and degree of cement hydration in superplasticized cement 
paste is that the paste with water-cement ratio of 30% and 20% show generally no unexpected retarding 
of the cement hydration. (The reduced degree of hydration can be accounted for in Powers model by 
the lower water-cement ratio. The presence of superplasticizer appears to have little effect). The degree 
of hydration in a cement paste with a water-cement ratio as low as 20% is generally higher than in 
latex-modified cement paste with a water-cement ratio of 43% and a polymer-cement ratio of 10% 
or 20%. Thus, it can be concluded that the retarding action and the low degree of cement hydration 
in latex-modified cement paste is mainly a result of the polymer presence and the polymer-cement ratio. 
The decrease in water-cement ratio in latex-modified cement paste, as will be discussed later, will result 
in a further decrease in the rate and degree of cement hydration over that measured in plain cement 
pastes with water-cement ratio of 30% and 20% or in latex-modified mortar with water-cement ratio 
of 43% and polymer-cement ratio of 10% or 20%.
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7.3.3 Influence of the original water-cement ratio
Experimental data relating the degree of hydration to the water-cement ratio for plain, 
superplasticized and latex-modified cement pastes are presented in Figures 7.8 to 7.10. The results are 
obtained from pastes that have been cured continuously in a sealed condition. It is apparent that the 
reduction in water-cement ratio which can result from latex addition acts in combination with the 
inhibiting effect of the polymer to give pastes with low degree of hydration.
Initially the original water-cement ratio does not significantly affect the rate of hydration. Later, 
however, the rate of hydration decreases, and this decrease takes place earlier the lower is the 
water-cement ratio. Hence the lower the water-cement ratio, the lower is the final degree of hydration. 
The very low degree of hydration resulting from pastes of normal consistency with polymer-cement 
ratios of 20% can be noted in Figure 7.10.
7.4 Summary of Powers’ model
Before developing a model to describe the composition of latex-modified cement paste as a function 
of water-cement ratio, polymer-cement ratio and degree of hydration etc., some essential points of 
Powers model are restated. Powers model forms the basis of the model for a latex-modified cement 
paste.
7.4.1 Structure of the plain hardened cement paste
Absorption isotherms for hardened cement pastes were first successfully employed by Powers and 
Brownyard at the laboratories of the Portland Cement Association (PCA) in Chicago [7.1]. Their work 
produced a considerable body of data which later formed the basis of the model proposed by Powers 
to describe the microstructure of the hardened cement paste, and to explain its properties and 
behaviour [7.5, 7.6, 7.7]. A schematic description of the model is presented in Figure 7.11.
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According to Powers’ model, the cement gel is a rigid substance made up of colloid-size particles 
and has a characteristic porosity of 28%. The average width of the pores involved is 15A and they are 
known as "gel pores". Much bigger pores, known as "capillary pores", form another component of the 
hardened paste. These are the remains of the original water-filled spaces that have not become filled 
with gel. As will be seen later, the volume of the capillary pores depends on the original water-cement 
ratio and the degree of cement hydration. The remaining components are unhydrated particles and air 
voids.
7.4.2 Water In the plain hardened cement paste
The water in the hardened paste was classified by Powers and Brownyard [7.1] as follows:
(1) Water which is combined in the hydrated cement compounds and as such is part of 
the solid. Such water has been referred to as "chemically-bound water" or 
"non-evaporable water".
(2) Absorbed water which is held by surface forces on the gel particles. Such water has 
been referred to as "gel water".
(3) Free water which is present in the pores beyond the range of the surface forces of 
the solids in the paste. Such water has been referred to as "capillary water".
The non-evaporable water is related to the cement composition and age of the paste, as well as to 
water-cement ratio. As mentioned in Section 7.3.2, this water, determined under specified conditions, 
is taken as 23% of the weight of the ordinary anhydrous cement.
L 5  Discussion of the results from various pastes
Figure 7.12 shows the relationship between the non-evaporable water and the water-cement ratio 
for plain cement paste (including superplasticized paste) and latex-modified cement paste specimens 
cured continuously in a sealed condition at the age of 60 days. The theoretical relationship according 
to Powers between the water-cement ratio and the non-evaporable water for plain cement paste is also 
plotted in the same figure. This relationship is based on the assumption that on average, 1 g of cement 
reacts with 0.23 g of water to reach complete hydration [7.1].
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The experimental data obtained for latex-modified cement pastes shows an approximately linear 
relationship between the non-evaporable water and the water-cement ratio for polymer-cement ratios 
of 10% and 20%, which is similar to the theoretical one for plain cement paste.
The experimental data obtained for plain cement paste show a non-evaporable water content for a 
water-cement ratio of 43% lower than the theoretical value yet higher than expected values for 
water-cement ratio of 30% and 20%. In the first case, where there was enough water for the complete 
hydration of the cement (i.e. water cement ratio of 43%), the measured level of non-evaporable water 
might increase slightly with further time for the hydration process. However, the theoretical value may 
not be achievable at any stage of the hydration, because hydration might stop at an earlier stage due to 
the increased thickness of the gel layer surrounding the cement particles [7.1]. For plain cement paste 
with water-cement ratios of 30% and 20%, the higher measured value of non-evaporable water content 
could be explained by the argument [7.8] supported by test data [7.9] and these test results, that when 
the space available for the hydration products is limited, the resulting volume constraint would bring 
about a dense gel, and hydration would continue to a greater extent than would be expected. This 
hydration and gel density increase are a result of either gel porosity decrease (which is in Powers’ model 
is assumed to be constant and equal to 28% at any water-cement ratio) or, alternatively, to a gel with 
some porosity but made up of hydration product having a higher density than those formed in cement 
mixed with the minimum water-cement ratio required to complete the cement hydration.
T3. Model of cement hydration in a polymer modified cement system
This model is developed mainly to determine the influence of various polymer levels on the 
composition of polymer-modified cement paste taking into account the measured effects of polymer 
addition on the hydration of cement paste. The model is based on Powers /7.i/. The main difference 
between the two models is related to the maximum amount of combined water per gram of cement to 
achieve the maximum possible maturity of the cement in a polymer system.
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7.6.1 Empirical relationship between the non-evaporable water content 
and polymer-cement ratio by volume
Figure 7.13 shows the relationship obtained experimentally between the non-evaporable water 
content in a cement paste and the polymer-cement ratio by volume for plain mortar and latex-modified 
cement paste with water-cement ratio of 43%.
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A simple equation was chosen to represent the experimental results in the range
PV
of 0.6 > > 0 which has the form:
where
y  ^  = weight of maximum non-evaporable water, g. per g. of cement
W = weight of non-evaporable water, g. per g. of cement for fully
hydrated cement paste (according to Powers)
P , C = weight of polymer and cement respectively, g. per g. of paste
V p, Vc = specific volume of polymer and cement respectively, cm  ^per g.
Equation 7.1 is applicable for a cement paste with a polymer-cement ratio up to 20%. It may be 
valid for a cement paste with a polymer-cement ratio higher than 20%, but this has not yet been shown 
experimentally.
At a water-cement ratio of 43% there should be sufficient water present to hydrate all the cement 
in a latex-modified cement paste (i.e. such that W n = 0.23 gram of water per gram of cement) but 
complete hydration does not occur. It is assumed in the following discussion that the maximum degree 
of hydration of a polymer-modified cement paste occurs at a water-cement ratio of 43% and that 
water-cement ratios in excess of this will not increase the amount of cement hydrated.
7.6.2 Estimation of volume of polymer film and products of hydration
According to Powers [7.1/, the solid products of hydration in ordinary cement paste occupy a volume 
equal to the sum of volume of anhydrous cement and water less 0.254 of the volume of non-evaporable 
water, i.e.:
C V c + W nC { \ - 0 .2 5 4 )
or
CV c + 0 .7 4 6 1 / nC .....(7.2)
The cement paste in this condition has a characteristic porosity of about 28%. The volume of gel 
water (W g) is given by:
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where
From Equations 7.2 and 7.3 the volume of hydrated cement in ordinary cement paste (V he) can be 
written as:
V hc = (CV C + 0.74:6W nC } + W  g
or
K hc= 1 . 3 8 8 ( C K c + 0 . 7 4 6 l / RC )  ......( 7.4 ,
In latex-modified cement paste the non-evaporable water content decreases, as shown in Figure 7.13 
and Equation 7.1, in approximate proportion to the ratio of the original volume of polymer to that of
pv punhydrated cement within the range 0.6 > —  > 0.
Inserting Equation 7.1 in Equation 7.4 gives the volume of hydrated cement in latex-modified cement 
paste (V he) p*
CKe* 0 . 7 4 6 l / „ ( l - ^ )   ( 7 .5 )
In addition to the decrease in non-evaporable water content per gram of cement in a latex-modified 
cement system, the early development of polymer film around each cement particle:
(i) swells in the presence of water
(ii) undergoes strain and occupies a larger volume as the volume of hydrated cement 
increases.
To calculate the volume increase of the polymer film, let us consider the hydration of one gram of 
cement. The specific gravity of the dry cement used is taken as 3.15, and the absolute volume of 
unhydrated cement is ^  = 0.317 cm /^g. The first polymer-cement ratio considered is 10% by weight 
of dry cement. The specific gravity of the SBR(I) solid polymer is 1.02. (Other latices have similar 
specific gravities). Hence, the volume of polymer film per gram of polymer is 0.98 cm /^g.
( K hc) p = 1 . 3 8 8
0 = 0 . 2 8
( C K c + 0 . 7 4 6 l / BC )  + l / .
= volume of gel water due to hydration of lg. of cement, cm^
( 7 . 3  )
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The volume of the products of hydration of one gram of cement, (V he) p> can be calculated from 
Equation 7.5 as follows:
0 .317  + 0 . 7 4 6 * 0 .23 1 -
0 .098
= = 1 .3 8 8     , .Kv hcJp 0 .317
= 0 .604  c m 3
It should be noted that the hydration is assumed to take place in a sealed condition with a minimum 
water-cement ratio of 43%, and no water movement to or from the system.
The product of hydration of one gram of cement occupies a volume equal to = 1.91 cm /^g. In
other words, the volume of the hydrated cement is 1.91 times the original volume of the anhydrous 
cement. Moreover, in order to allow maximum possible maturity of the cement, the space must exceed 
0.91 times the original volume of the particles.
Assuming that the dry cement particles are spheres of radius R} as shown in Figure 7.14,
S w ollen  
P o lym er film
Swollen a n d  s tr a in e d  
p o lym er film
Inner h y d ra tion  p ro d u c ts  
O u ter hydration  p ro d u c ts
Figure 7.14 : Schematic representation of proposed polymer 
volume changes due to the hydration process.
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and denoting by N  the number of particles contained in 1 gram or 0.317 cm  ^of cement, the following 
equations may be written:
CKc = | n t f 3N
= 0 . 3 1 7  ......( 7t6 >
Hence:
0 4 2 3
K  N \/3.......................................................................................  ( 7 . 7 )
and the corresponding volume of polymer film, all of which is assumed to surround the spherical cement 
grains is:
P V p = + IN
=  0 . 0 9 8  ...... ( 7.8 )
where
t = thickness of polymer film, cm. 
Assuming < < R, the previous equation may be written:
P V p = 4 n R 2t N
0 . 0 9 8   ( 7>9 }
Substituting for R = ^77! in Equation 7.9 and solving for t gives:
0 . 0 4 3 6
1 N 1 / 3   ( 7. 10  )
It was shown that the hydration of 1 gram of cement occupies a volume:
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Assuming the end products of hydration of N  particles contained in 1 gram of cement to be also spheres 
of radius R\:
t n R ^ N = l . 9 \ C V c3
or
. 0 5 2 5
K  y y l / 3    ( 7 . 1 2 )
Thus:
£ . - 1 2 4 1K    ( 7 . 1 3 )
Due to the relatively very low modulus of elasticity of the polymer film, the strained polymer film 
at the end of the hydration stage is assumed to undergo very little reduction in thickness.
To account for the swelling of the polymer film due to water absorption by the end of the hydration 
stage, the volume of the polymer film around the cement particles can be written as:
(/>Kp)' = ( l + c 0 4 r t / ? '2t;V  (7.14)
where
( P V p)N = volume occupied by polymer film at the end of hydration stage, cm^
a = water absorption factor of polymer
=  increase in volume of dry coalesced polymer due to water absortion
original volume of diy polymer
An approximate value of a  has been measured by direct immersion of dry polymer film in 
water (see Section 3.6.3)
Thus, the ratio of the volume of polymer film after complete hydration to its original volume can be 
calculated from:
( P V py  R'*( l + q )
( P V p) R 2  (7',5>
Substituting Equation 7.13 into Equation 7.15 we obtain:
(/>Kp) ' =  1 . 5 4 ( 1 + a ) ( P I / p)  (7.16)
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The new volume occupied by the polymer film can be expressed in terms of the volume of hydration 
products of cement, by taking the ratio of Equation 7.16 to that of Equation 7.11 as follows:
( PV  p)N ( PVp)K pJ = 0 .8 0 6  (1 + a)- p ( 7 .1 7  )v h v ' CVC
Following the same procedure of calculation for a polymer-cement ratio of 20%, an equation similar 
to that shown above can be obtained i.e.:
r  p  r r  \  \  f  j> T/ ^
 ^ pJ = 0 .8 4 2 (1  +cx)^ ' pJ
Vj CM c ( 7 .1 8  )
Since the original polymer-cement ratio has very little effect on the multiplier (i.e. 0.806 or 0.842), 
the average value of Equation 7.17 and Equation 7.18 is taken, i.e.:
( ^ p ) '  ( PV  p)pJ = 0 . 8 2 4 ( 1  +ot)> p ( 7 .1 9  )V h v" ' CMC •
From Equation 7.5 and Equation 7.19, the volume of hardened cement in a latex-modified cement 
system, (V hc) p, becomes:
(K hc) p = 1.388 CKc + 0 . 7 4 6 C t / J  1 - { P V P)C V r
1 + 0 .8 2 4 ( 1  + a ) ( P V p ) 
C V c
. . . .  ( 7 .2 0  )
7.6.3 Physical composition of hardened plain mortar and latex-modified 
cement paste
Bulk volume of solid phase
The composition of a unit volume of paste can be expressed as the sum of the fractional volumes of 
unhydrated cement, hydrated cement gel or partially hydrated cement particles, strained solid polymer 
film as part of the hydrated cement, free solid polymer, and capillaries, i.e.:
(1 - m ) C V c
+ 1 .388  m CV + 0 .7 4 6  W nC\ 1 - ( P V p)C V c
+ (1 - m ) ( l  + a ) ( F K p) + l / cK
1 + 0 .8 2 4 ( 1  + a ) ( P V P)
C V r
= 1 ( 7 .2 1  )
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where
(1 - m ) C V c = fractional volume of unhydrated cement
1.388m CVc+ 0 .746WRC
fractional volume of hydrated cement
1.388m CFc + 0.746
fractional volume of strained and swollen polymer film
( i - m ) ( l + o t ) ( P K p)
= fractional volume of unstrained or free and swollen polymer film, 
associated with fractional volume of unhydrated cement
WcVw = fractional volume of capillaries
C = weight of cement, g. per cm  ^of paste
P = weight of dry polymer, g. per cm  ^of paste
W c = weight of capillary water, g. per cm  ^of paste
Vw = specific volume of capillary water, cm  ^per g.
m maturity factor where C h is weight of cement fully hydrated
= (W n = 0.23) in plain cement paste or weight of cement partially
nydrated ( Wn<0.23) in latex-modified cement paste and C is 
original weight of cement
When m = 1 in a plain cement paste, all the cement has become fully hydrated with a combined 
non-evaporable water content of 0.23 gram per gram of cement, as in Powers work.
When m = 1 in a latex-modified cement paste, it is assumed that all the cement has hydrated but 
the non-evaporable water content is 0.16 g per gram of cement for a polymer-cement ratio of 10% and 
0.09 gram per gram of cement for a polymer-cement ratio of 20% (Figure 7.13). In terms of the maximum 
amount of combined water for a latex-modified cement paste, however, an alternative approach is to 
consider that the cement which is partially hydrated is, in fact, a combination of some completely 
unhydrated cement and some hydrated cement so that W n = 0.23. Using the relationship between 
W n and polymer volume in Figure 7.13, ifC ^  is the weight of cement which is fully hydrated 
(i.e. W Q = 0.23) in a latex-modified cement paste andC h is the weight of cement which is partially 
hydrated (i.e. a combination of fully hydrated and unhydrated cement), then:
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( 7 .2 2  )
Dividing both sides by the weight of cement C, then:
C P V P)
CV ( 7 .2 3  )
where
m s = maturity factor when the cement is fully hydrated (Wn = 0.23)
m = maturity factor when the cement is partially hydrated (Wn < 0.23)
When P- =0, mX = m and all the cement is fully hydrated. When F- = 10%, m -  0.69m i.e. 69%
of the cement is hydrated and 31% of the cement is unhydrated. When £ = 20%, m = 0.38m i.e. 38% 
of the cement is hydrated and 62% of the cement is unhydrated.
It is convenient, however, in the equations which follow to use the concept that when m = 1 in a 
latex-modified cement paste, all the cement is partially hydrated so that Wn = 0.16 if the 
polymer-cement ratio is 10% and Wn = 0.09 if the polymer-cement ratio is 20%.
The bulk volume, Vfr, of the solid phase is defined as the sum of the absolute volume of solid 
materials in hardened paste and the volume of the pores that are characteristic of the gel. In other 
words, it is the sum of volumes of the gel substance, the pores characteristic of the gel, other hydrates, 
unhydrated cement, and finally strained and free polymer film. It differs from the overall volume of the 
paste by the volume of capillary water:
V b = l - W cV w
= ( l - m ) C K
1 + 0 . 8 2 4 ( 1 + o t ) ^ 7^
+ ( l - m ) ( l + a ) ( P K p) ( 7 -2 4  )
or
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V b - ^  = ( l - m ) K c
{ P V  p )1 +0 .8 2 4 ( 1 +0 0^ ^
+ ( l - m ) ( l  + a ) ^ ^ ( 7 .2 5  )
where
= bulk volume of solids per g. of cement
When hydration is as complete as it can be, i.e. m = 1 (in the case of a plain cement paste, when 
all the cement has fully hydrated, and in the case of a latex-modified cement paste, when the cement 
has all been partially hydrated), Equation 7.25 can be used to estimate the increase in solid volume due 
to hydration:
( 7 .2 6  )
where
Vb
bulk volume of solids per cm  ^of cementC V
Volume of capillaries
Before hydration starts, the capillary water has the volume of:
( 7 .2 7  )
where
V
P
0
C
capillary volume, cm  ^per cm  ^of paste 
original water content, g. per cm  ^of paste
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The original volume of cement paste remains constant throughout the hydration process. Therefore, 
we can estimate the capillary porosity of hydrated cement paste as the bulk volume of the paste minus 
the bulk volume of solid phase:
P c = W 0V w+ C V c + ( P V p) - V b  (7.28)
Inserting Equation 7.24 in Equation 7.28 gives:
Pc = l'/ol/ u,-aPl'/ p-0.388mCV(
-  1.035mCl/J 1 - (PVP) 1 +0.824(1 + ct) (PVP)CVc JI ' CV -  0.144m (1 + cl)(PV p)
 ( 7.29 )
or
0 .3 8 8 ,nK c
-  1 .0 3 5 m l / „ |  1 -  ^ 7^ )  1 + 0 .8 2 4  ( 1 + a ) J  -  0 .1 4 4  m ( 1 + < 0 ^ ^
  (  7 . 3 0  )
where
Pc = volume of capillaries, cm  ^per g. of cement
~C
W0Vw = original water-cement ratio by weight
C
(PVp) = original polymer-cement ratio by weight
Requirements for complete hydration
The volume composition of hardened cement paste can be estimated on the basis of Equation 7.24 
and Equation 7.29 provided the following two requirements are met:
(1) Sufficient space must be available for the hydration products and strained polymer film. The 
maximum possible hydration of the cement is not achievable unless the available space, originally 
occupied by the mixing water and that empty capillary space created by the contraction of cement
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on hydration, are enough to accommodate all the products of hydration and strained polymer 
film. Otherwise, hydration stops at an early stage when the available space is filled. Thus, for 
continued hydration there must always be space available i.e.:
W0Vw ( PVp')0 » -A -  0 .3 8 8 m F c-  a-
C  C
-  1 .0 3 5 1 / 1 + 0 .8 2 4 ( 1  + a )
( P V  ")
- 0 .1 4 4  (1 + a') - —-■■■" > 0  
' C (  7.31 )
The maximum possible value of maturity factor m to be used in Equation 7.24 and Equation 7.29 can 
be calculated from Equation 7.28 as follows:
m.
V 0VK ( P V p) 
—  -<* —
0.3881^+ 1.0351/,  1 - cvf 1 + 0.824 (1 + a)-£“
( ^ J
+ 0.144(1 + a ) - ^ -
(7.32 )
When the calculated value of m is greater than or equal to 1 there is sufficient capillary space available 
for further hydration, and m — 1 should be used as an ultimate possible value of the maturity factor.
(2)Sufficient water must be available for the hydration process. In the case when water is not 
available from external sources, an extra quantity of water, equal to that required from outside sources, 
must be provided in the form of excess mixing water in order to achieve the m axim um  possible maturity 
of the cement hydration. This quantity of water per gram of cement equal to the contraction in volume 
of that gram of cement on hydration, which can be determined from:
V
c =0-254" ^ -  CKt J 1+ 0.824(1+a)
( P V P)
C V c i 7.33)
Thus, for continued hydration, when water is not available from external sources but added in the 
form of excess mixing water, we must require:
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-1.2891/J 1- ( ^ p)
; l
1 + 0.824(1 +a) ( ^ p)CFc .
(PK^)
-0.144(1 + a)— >0 ( 7.34 )
In this case, the maximum value of the maturity factor to be used in Equation 7.24 and Equation 7.29 
can be calculated from:
m.
V ' V ,  {PV )
ifV.)
0.388KC+ 1.289 1+0.824(1 + 0 0 - ^ + 0 . 1 4 4 ( l + a ) - p -
( 7.35 )
When m max> 1, there is sufficient capillary water for further hydration and m max= 1 ^ used in 
Equations 7.24 and 7.29.
Minimum water-cement ratio required for maximum possible hydration 
when water is available from external sources
When m max= Equation 7.32 represents a paste which contains some unhydrated cement and 
empty capillary pores created from contraction of that part of the cement which has become hydrated. 
These empty capillary pores will be available for further hydration of the cement if some water is available 
from external sources. In other words, the minimum mixing water-cement ratio which is required for 
obtaining a paste with maximum possible maturity and zero capillary pores, when water is available 
from external sources, can be determined from Equation 7.32 for m max= 1:
1 + 0 .8 2 4 (1  + a ) ( PVp) ' 
C V c
+ 0 . 1 4 4 ( 1  + 1 0 a ) ( P V p ) ( 7.36 )
If the water-cement ratio is less than the minimum value, hydration stops before all the cement 
reaches its maximum possible maturity, because all available space has been filled. If the water-cement 
ratio is equal to the minimum value, all the cement hydrates to its maximum possible maturity to fill all
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capillary pores. Finally, if the water-cement ratio is higher than the minimum value, all cement hydrates 
to its maximum possible maturity and the hydrated paste contains capillaries. The term capillaries refers 
to both the empty capillary pores and capillary water.
Minimum water-cement ratio required for maximum possible hydration 
when no water is available from external sources
The water-cement ratio which is required for maximum possible hydration when no water is available 
from external sources can be determined from Equation 7.35 for m max==
m 0 . 3 8 8 K + 1 . 2 8 9 1/„| c v l + 0 . 8 2 4 ( l  + a
CPVp')+ 0 . 1 4 4 ( 1  + 1 0 a ) - —  ( 7.37,
It may be added that in the case of no water available from external sources, the hydrated cement 
paste, at any stage of hydration, always contains some empty capillary pores.
Table 7.3 shows the minimum water-cement ratio for maximum hydration (i.e. m = 1) for the three 
latices studied. The values are calculated from Equation 7.36 for wet curing with external water available 
and from Equation 7.37 for sealed curing. The minimum water-cement ratio required for m = 1 in 
latex-modified cement paste is slightly affected by the value of the polymer water absorption factor a, 
and tends to increase with the increase in the polymer water absorption factor.
Table 7.3 also shows the theoretical composition of the cement paste at 100% maturity (i.e. m = 1) 
which was calculated from Equations 7.24 and 7.29. The table shows clearly that the empty capillary 
space for cement paste cured in a sealed condition is slightly lower in latex-modified cement paste in 
comparison to that of plain cement paste for m — 1. Also, the capillary space in latex-modified cement 
paste tends to decrease with the increase in polymer-cement ratio from 10% to 20%.
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Table 73. Minimum water-cement ratio and composition of paste for 
maximum hydration.
Type of 
paste
P/C
(%) (%)
Curing
condition m .
(%>
Compositi
(m 3/
hydrated cement 
+
polymer
on of paste 
fai3)
capillaries
Gel-space
ratio
plain 0 0 wet 36 1 - 1
sealed 42 0.92 0.08 0.92
SBR(I)- 1° 30 wet 39 1 - 1
sealed 45 0.94 0.06 0.94
modified 20 wet 37 1 - 1
sealed 42 0.96 0.04 0.96
SBR(II)- 10 16 wet 37 1 - 1
sealed 42 0.93 0.07 0.93
modified 20 wet 34 1 • - 1
sealed 36 0.96 0.04 0.96
acrylic- 10 52 wet 43 1 - 1
sealed 48 0.94 0.06 0.94
modified 20 wet 43 1 - 1
sealed 47 0.96 0.04 0.96
Concept of gel-space ratio
The degree of cement hydration is directly related to space available for the products of hydration. 
Accordingly, the ratio of total volume of solid phase of cement hydration to original space available, or 
what is called gel-space ratio [7.1], could be used as an indication of the degree of hydration of cement 
or as a measure of capillary porosity of the paste.
The gel-space ratio (X) for a plain cement paste is defined [7.1] as:
vol. of cement gel (including gel pores) 
vol. of hydrated cement + vol. of the original capillary w ater
  ( 7 .38  )
In latex-modified cement paste, Equation 7.38 becomes:
_____________ vol.  of (h ydrated  cem ent ( includin g gel pores)  + s w o l len /s t r a in e d  polymer)______________
vol .  of (h ydrated  cement+orig inal capil lary  w a t e r - w a t e r  absorbed by polymer+polymer (or ig in a l) )
 ( 7 .38  )
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The volume occupied by the polymer and hydrated cement (including the gel pores) \&A.m.C.Vc and 
the total space available for the hydrated cement and polymer is 
m.C.Vc + (H/0.Vyraj3.Vp) + m (l  + «)P.Vp. A  is the volume occupied by hydration of 1 cm  ^of cement,
V
including the volume of polymer film, and is equal to calculated from Equation 7.26.
The gel-space ratio X  becomes:
A m V  cX —______________ ;____ f______________
^  V.V.. (PV.-i (PV „ )    ( 7 . 4 0 )
m V c + - “ - a — m(  1 + a ) —
IfX  = 1; the hydrated (partially or fully) cement particles and polymer occupy all the space available 
and the paste contains no capillary pores at all.
If X  < 1; either part of the cement remains unhydrated and can never hydrate since the hydrated 
cement and polymer already occupy all the space available and the cement paste contains some 
capillaries, or all the cement is hydrated and the cement paste contains capillary pores.
Table 7.3 shows the gel-space ratios for maximum possible hydration (i.e. m = 1) for the three 
latices studied.
Estimating the physical composition of ordinary cement paste and 
latex-modified cement paste
As an example, let us consider the hydration of 100g of cement in ordinary cement paste with 
water-cement ratio 42% and SBR(I)-modified cement paste with water-cement ratio 42% and 
polymer-cement ratio 10%. The specific volumes of the dry cement and polymer are 0.317 cm^/g and 
0.98 cm^/g respectively. The value of water absorption factor of the SBR(I) film (a  = 0.3) is taken as 
that value measured after 3 days water contact (see Section 3.7.6), because most of the hydration of the 
cement in latex-modified cement paste has taken place at that stage.
Two cases of volume composition depending on the curing condition can be estimated:
Case (a) Cement paste continuously cured in a sealed condition: the maximum possible 
maturity of the cement can be calculated from Equation 7.35 as follows. For plain cement paste:
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0.42__________
m,nax 0 .3 8 8 * 0 .3 1 7 + 1 .2 8 9 * 0 .2 3
=  1
and for SBR(I)-modified cement paste:
____________________ 0.42-0.3«(H)___________________
m "“x 0 .38 8 * 0 .3 1 7 +  1 .289*0 .23* (l  +0.824*i§J |:5 ) + 0 .1 4 4 * 1 .3 * ( ^ )
-  0 .944
Case (b) Cement paste continuously cured in a wet condition: the maximum possible maturity 
of the cement can be calculated from Equation 7.32 as follows. For plain cement paste:
= __________ 0.42__________
m,nax 0 .388*0 .317  + 1 .035*0.23
= 1.16
and for SBR(I)-modified cement paste:
________________  0 .4 2 - 0 .3 * ( j g )  _________ ___________
m,"“  0 .3 8 8 * 0 .3 1 7 +  1 .035*0 .2 3 * ( l  - i | ) ( l  + 0 . 8 2 4 * i | f | i ) + 0 . 144*1 .3 * ( ^ | )
= 1.08
The value of m > 1 for plain cement paste means that the cement reaches its maximum possible 
hydration (fully hydrated in this case). There is enough water in the mix in the sealed condition to 
hydrate all the cement.
The value of m = 0.944 in latex-modified cement paste means that the hydration of the cement is 
stopped before all the cement reaches its maximum possible maturity (in this case, the cement would 
nonetheless be partially hydrated in comparison with plain cement paste) because of the lack of water 
in the paste. Curing the paste in water will increase the hydration of the cement. The value of 
m max = 1.08 in latex-modified cement paste indicates that there is enough empty capillary space in 
the cement paste cured in a sealed condition to accommodate further hydration of the cement if water 
is available from an external source.
Chapter 7
Knowing the value of m may the physical composition can be simply calculated using Equations 7.24 
and 7.29 as follows:
Case (a) For plain cement paste, m = 1 and the bulk volume of the solid phases is:
= 1 .388 (31 .7+  0 .746*0 .23*  100)
= 67 .8  cm 3
and the value of capillary space is:
P c = 4 2 - 0 . 3 8 8 * 3 1 .7 -  1 .035*0.23*100  
= 5 .9  cm 3
For SBR(I)-modified cement paste, m = 0.944 and the bulk volume of the solid phases is:
Kj, -  (1 -  0.944)*31.7
+ 1.388*0.944^31.7 + 0 .7 4 6 * 2 3 * ^ l- ; ^ ^ j J [ ^  + 0 .8 2 4 * - y y y 5 j
+ ( 1 -  0.944)* 1.3*9.8 
- 7 8 .5  cm 3
(Thus, the solid phase consists of 1.8 cm  ^of unhydrated cement, 57.1cm^ of partially 
hydrated cement at its maximum possible hydration (i.e. W n = 0.16), 18.9 cm  ^of strained 
and swollen polymer phase and 0.7 cm  ^of swollen free polymer phase.)
and the value of capillary space is:
Pc = 4 2 - 0 .3 * 9 .8 - 0 .9 4 4 * 0 .3 8 8 * 3 1 .7
-0 .944*1.035*23*1 1 -  |[ 1 + 0.824* 1 *3 *9 *8
3 1 . 7 A  3 1 .7
- 0 . 9 4 4 * 0 . 1 4 4 * 1 . 3 * 9 . 8  
= 5.1 cm 3
Case (b) The physical composition of the plain cement paste cured in the wet condition is 
identical to that cured in a sealed condition, i.e.:
V b = 6 7 . 8  c m 3
P = 5 . 9  cm 3
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and the physical composition of the SBR(I)-modified cement paste for m — 1 is:
V b~ 1 .388 3 1 .7 + 0 .7 4 6 * 2 3 * 1+0 .824* 1 .3*9 .831.7
80 .5  cm 3
P = 4 2 - 0 .3 * 9 .8 - 0 .3 8 8 * 3 1 .7 -  1.035*23* 1 + 0.824 1 .3 * 9 .831.7
-0 .1 4 4 * 1 .3 * 9 .8
a.O cm 3
The volumetric changes of plain cement paste and SBR(I)-modified cement paste due to hydration 
under the two curing conditions are shown in Figures 7.15 and 7.16. Following the same procedure of 
calculation for SBR(I)-modified cement paste with water-cement ratio 42% and polymer-cement 
ratio 20%, the volumetric changes due to hydration under the two curing conditions are shown in 
Figure 7.17.
The volume of partially hydrated cement in Figures 7.16(c) and 7.16(c) can be further sub-divided. 
If this partially hydrated cement is considered to be made up of a fully hydrated portion (W n =  23%) 
and an unhydrated portion, then according to Equation 7.23 for:
Case (a) Latex-modified cement paste
0.652
vol. of unhydrated cement = (1 - 0 .6 5 2 )* 3 1 .7
= 11.0 cm 3
fu lly  hydrated part of cement gel
= 5 7 .1 - 1 1 .0
= 46.1 cm 3
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Case (b) Latex-modified cement paste
= 0 .690
vol. of unhydrated cement = (1 - 0 .6 9 0 ) * 3 1 .7
= 9.8 cm 3 
fu lly  hydrated part of cement gel
= 6 0 .5 - 9 .8  
= 50.7  cm 3
The composition is shown in this manner in Figure 7.18. Figure 7.19 shows equivalent composition 
for a polymer-cement ratio of 20%.
No attempt is made in this chapter to discuss the implication of cement hydration on the strength 
of ordinary and latex-modified cement systems (pastes, mortars or concretes). However, this may be 
discussed in relation to the physical composition of ordinary and latex-modified cement paste and 
particularly the volume of capillary pores and unhydrated cement shown in Figures 7.15 to 7.19. It is 
well known [7.1] that the substance which gives an ordinary cement system its strength and hardness is 
the solid "cement gel" formed by the hydration of Portland cement. However, a large volume of cement 
gel is not the controlling factor for the strength of the ordinary cement system, because a decrease in 
cement hydration, and hence gel formation, (i.e. mixes with very low water-cement ratios) usually results
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in an increase in the strength properties of the ordinary cement system. This is attributed to the fact 
that the unreacted cement particles act as strong filler particles and may be considered to be part of 
the aggregate in mortar or concrete. The increase may also be due in part to an increase in the degree 
of "self-dessication" of the gel, which would be expected to increase with the proportion of unreacted 
cement [7.1]. If that is the case in an ordinary cement system, latex incorporation in the cement system 
has a greater potential for improving the strength properties of the cement system, since it considerably 
inhibits and decreases the degree of cement hydration with an increase in polymer-cement ratio 
(Figures 7.18 and 7.19 compared with Figure 7.15). By contrast to an ordinary cement system, a 
latex-modified cement system shows a decrease in compressive properties with a decrease in cement 
hydration i.e. with an increase in polymer-cement ratio for materials of the same water-cement ratio. 
The decrease is not a result of an increase in porosity of the cement system because the capillary pores 
in ordinary and latex-modified cement systems (Figures 7.15, 7.18 and 7.19) are nearly of the same 
order, but due to the polymer phase which retards and inhibits the bonds linking the hydrated cement 
particles. This is discussed in detail in Chapters 7 and 8.
Figures 7.20 to 7.25 give the fractional volume of the various constituents of the cement paste at any 
water-cement ratio, curing condition and hence at any stage of hydration for ordinary and 
SBR(I)-modified cement pastes with polymer-cement ratios of 10% and 20%. For example, if a plain 
cement paste had originally lOOg of cement and a water-cement ratio of 20%, by the time it had hydrated 
to an extent such that the non-evaporable water is 0.23 gram per gramme of cement, the composition 
of 1 cm3 of the hardened paste, depending on the curing condition, will be for:
Case (a) cement paste continuously cured in water (Figure 7.20), 0.73 cm  ^of 
hydrated cement gel, 0.27 cm  ^of unhydrated cement and no empty capillary pores
and for:
case (b) cement paste continuously cured in sealed conditions (Figure 7.21),
0.62 cm  ^of hydrated cement gel, 0.33 cm  ^of unhydrated cement and 0.05 cm  ^of empty 
capillary pores.
As another example, if a latex-modified paste had originally lOOg of cement, a water-cement ratio 
of 20% and a polymer-cement ratio of 10%, by the time it had hydrated to an extent such that the 
non-evaporable water is 0.16 gram per gramme of cement, the composition of 1 cm  ^ of hardened 
SBR(I)-modified cement paste, depending on the curing condition, will be for:
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case (a) cement paste continuously cured in water (Figure 7.22(a)), 0.15 cm  ^of
swollen-strained polymer phase, 0.11 cm  ^of swollen-free polymer phase, 0.45 cm  ^of 
partially hydrated cement gel, 0.29 cm  ^of unhydrated cement and no empty capillary 
pores.
(Alternatively, if the partially hydrated cement is considered to be composed partly of 
hydrated cement and partly of unhydrated cement, the bulk volumes are 0.15 cm^ of 
swollen-strained polymer phase, 0.11 cm  ^of swollen-free polymer phase, 0.32 cm  ^of 
hydrated cement gel, 0.42 cm  ^of unhydrated cement and no empty capillary pores)
and for:
case (b) cement paste continuously cured in sealed conditions (Figure 7.23(a)),
0.13 cm  ^of swollen-strained polymer phase, 0.12 cm  ^of swollen-free polymer phase,
0.41 cm  ^of partially hydrated cement gel, 0.30 cm  ^of unhydrated cement and 0.04 cm  ^
of empty capillary pores.
(Alternatively, if the partially hydrated cement is considered to be composed partly of 
hydrated cement and partly of unhydrated cement, the bulk volumes (Figure 7.23(h)) are 
0.13 cm  ^of swollen-strained polymer phase, 0.12 cm  ^of swollen-free polymer phase,
0.29 cm3 of hydrated cement gel, 0.42 cm  ^of unhydrated cement and 0.04 cm  ^of empty 
capillary pores)
At water-cement ratio 0%, the y-axes in Figures 7.20 to 7.25 give the cement and polymer content 
by volume fraction. It should be noted that for a cement paste with a water-cement ratio above that 
required for maximum hydration it has been assumed that the excess water mil have no influence on 
the cement hydration and becomes part of the capillary water in the hardened paste.
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Chapter 7
JJL Conclusions
From the experiments carried out using plain cement paste, superplasticized cement paste and
latex-modified cement paste, the following conclusions can be deduced:
(1) The addition of latex to cement paste resulted in retarding and decreasing the degree of cement 
hydration in latex-modified cement paste. The degree of reduction in the cement hydration is 
directly related to the polymer-cement ratio for pastes of the same water-cement ratio.
(2) The sealing effect of the polymer film has no effect on the degree of cement hydration in 
latex-modified cement paste, and the effect of curing conditions on the hydration is similar to 
that in conventional cement paste.
(3) The reduction in degree of cement hydration with the increase in polymer-cement ratio is mainly 
attributed to the polymer film formation around the cement grains. Also, there may be some 
chemical interference in the process of hydration due to the additives contained in the polymer 
latex. Lack of space available for the hydration products may also contribute. This space in 
latex-modified cement paste is occupied by the strained polymer film around the hydrated cement 
particles. This, of course, results in a high gel-space ratio even if the cement is hydrated to a low 
degree.
(4) Superplasticizer addition, in general, and in contrast to the latex incorporation, in cement paste 
does not retard or inhibit the cement hydration. A denser gel or a gel with less pores and hence 
a higher degree of hydration over that predicted by Powers model is more likely to be obtained 
at low water-cement ratios.
(5) The modified model developed of the cement hydration gives the composition of ordinary and 
latex-modified cement systems at any water-cement ratio, polymer-cement ratio up to 20%, curing 
condition and hence at any stage of hydration.
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Chapter 8
Discussion on the Role of Latices in Modifying Mortar
Properties
ILL Introduction
The objective of this chapter is to relate the effects of latex addition on the properties of mortars 
outlined in Chapter 5 to the microstructural and hydration-related observations in Chapter 6 and 7. 
This is done by postulating some simple models to explain the behaviour of latex-modified mortars.
8.2 Effect of latex addition on fresh mortar properties
The water content in the latex-modified mortar, required for normal consistency, generally decreases 
v r i ih  the increase in polymer-cement ratio. Similarly the consistency or the workability of the cement 
system increases due to latex incorporation when the water content remains the same. This is attributed 
to the type and amount of the stabilizer (surfactant) used in the latices [8.1, 8.2]. The stabilizer in the 
latex is primarily adsorped onto the polymer particles and has the function of preventing the premature 
coagulation and separation of polymer particles from the emulsion before the cement system has started 
to set [8.1]. The principal active components of the stabilizer are surface-active agents which carry 
residual charges. These can be cationic, anionic and nonionic. Most of the latices used with Portland 
cement (and the ones used in this study) are stabilized mainly with the nonionic type. Figure 8.1(a) 
shows the function of this nonionic surfactant in stabilizing the polymer particles by ensuring that there 
is no net charge on the particle [8.3].
In a plain cement system opposing charges on adjacent particles of cement can exert considerable 
electrostatic attraction, causing the particles to flocculate. A considerable amount of water is tied up 
in this agglomeration of cement particles and adsorbed on the solid surfaces leaving less water to reduce 
the viscosity of the paste, and hence of the mortar or concrete.
On mixing cement with latex, molecules of the stabilizer, in the emulsion, interact to neutralize the 
cement surface charges, because of the many dipoles (two equal electric charges separated by a small 
distance) in the molecules of the stabilizer. After adsorption onto the cement particles (Figure 8.1(h)),
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they cause deflocculation leading to greater fluidity. The adsorption of stabilizer onto the surface not 
only increases fluidity in the cement paste, but also interferes with cement hydration and retards the 
setting of the paste in a similar way to that of retarding admixtures. Double [8.4], has stated that the 
retardation of cement by organic admixtures such as hydroxycarboxylic acid (which is is present in latices 
(Section 3.4, Carboxylation) and is effective at very low concentrations) is primarily attributed to their 
effect on the hydration of C3S phase which controls the setting. He also put forward an explanation 
for the mechanism of retardation which includes adsorption of the retarding molecules to the cement 
grain surfaces, the poisoning of nucleation and growth of hydration products, and the precipitation of 
complexed species with the colloidal CSH gel.
The further retardation of the cement hydration and the consistently lower values obtained for 
cement hydration are related to the succession of events taking place at an early stage following the 
initial adsorption of the stabilizer molecules to the cement grains. The most important event is the 
formation of the polymer film from close-packed, multi-layer polymer particles around each cement 
particle. For a polymer-cement ratio of 20% by weight and for a polymer particle size of 0.15 um, the 
total number of polymer particles is more than 7x10  ^times the number of cement particles of an average 
size of 30um. This is enough to deposit about 21 layers of polymer particles over the total surface area 
of the unhydrated cement particles, as shown in Figures 8.2 and 8.3.
At the very early stage of hydration, there is rapid leaching of calcium ions into the aqueous phase 
surrounding the cement particles. The calcium ions disrupt the charge balance of the stabilizer on the 
surface of the polymer particles. This action results [8.1] in polymer particles being attracted to and 
attaching themselves to the surface of cement grains by the incompatibility of the particles of cement 
and polymer, which are oppositely charged. Continuous discharge of the calcium ions results in further 
destabilization of the polymer particles around the cement grain (Figure 8.1(c)). The attachment of 
the polymer particles to the surface of the cement grain is strong due to the adhesive properties of the 
polymer [8.1]. The necessity of calcium ions for the disturbance of the stabilizer around the polymer 
particles and the electrostatic interaction between the cement and polymer particles gives a clear 
indication why in latex-modified mortar polymer particle is preferentially attracted to cement grains 
rather than to aggregate surfaces. This may explain why polymer has been found not to be in direct 
contact with sand particles.
| o W ° | o |
W  O o  o W o ^ ^ -
(a) Immediately after mizixig.
Aggregate
Cement
Polymer
Magnification of polymer particles 
and the action of non—ionic 
stabilizer.
Polymer k
(b) Immediately after casting.
Cement
Magnification of cement particles 
and the action of non—ionic 
stabilizer.
(c) Formation of a close—packed 
polymer particles around 
the cement grains.
Magnification of cement particles 
and formation of polymer around 
the cement grains.
(d) Hardened strcture.
Inner hydration products. 
Outer hydration products.
Magnification of cement particle.
Figure 8.1 : Schematic representation of proposed sequence of 
events of polymer film  form ation during the  
hydration of Portland cem ent.
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The coalescence of the polymer particles, promoted by their cohesive property (i.e. the capability 
of the individual solid particles, formed when the latex emulsion destabilizes to coagulate to form a 
film) [8.1], will result in removal of the free water from the immediate area around them. Part of this 
water is believed to be trapped between the coalesced particles and the surface of the cement particles 
and will be directly available for the hydraulic reaction of the cement particles. The other part of the 
water will be retained by the absorption of the polymer film. The water absorption by the latex polymer 
films used in Portland cement has been confirmed by other investigators [8.1, 8.2, 8.5] and found to be 
relatively high in most cases (Section 3.6.3).
It seems likely that the further hydration of the cement is largely controlled by the water finding its 
way through polymer coatings around the cement grains (Figure 8.1(d)). It follows that the rate of 
reaction and associated hydration developments will depend on the permeability, uniformity and 
cohesion of the polymer coating. Because polymer film does not let water through readily, the cement 
hydration is inhibited. Less uniform polymer coating around the cement grains and a more open 
structure, such as in latex-modified cement pastes and mortars with polymer-cement ratio of 10%, will 
facilitate water access and cause further hydration (see Figure 6.21(h)). Conversely, coagulation of the 
polymer particles to form a dense coating layer, such as in latex-modified cement pastes and mortars 
with polymer-cement ratio of 20%, will result in a retardation of hydration (see Figure 6.19(h)).
The other factor which retards the further hydration of the cement, but contributes to the formation 
of a continuous polymer phase, is that the polymer film around the individual cement particles occupies 
a larger volume, in comparison to its original volume around the unhydrated cement particles, as the 
unhydrated cement grains increase in volume due to hydration. Thus, a further contribution to the 
retarding effect of the polymer film comes from its volume increase accommodating part of the space 
which otherwise would be available for the hydration product. It will be recalled (Section 6.3) that 
coalescence of the polymer particles is believed to start from the time of mixing with cementitious 
materials, and the polymer film was observed to be fully developed around the cement grains at 24 hours 
(see Figure 6.3). It also has been shown and confirmed elsewhere [8.6] that the latex particles and 
hence the film do not penetrate the gel area around the cement grain (see Figures 6.7 and 6.9). As the 
hydration process continues and when the strained polymer film around the individual grains comes in 
contact with another polymer-coated cement grain, the polymer film, helped by its adhesion and cohesion 
properties, is forced together to form a continuous polymer phase, as shown in Figure 8.1(^). As the
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hydration process continues further, the osmotic pressure inside the cement grains rises and the cement 
grains at the aggregate interface (Figures 8.1(h) and 8.1(c)) find the polymer-free interfacial zone with 
the aggregate particles surface a weak region to rupture and force its liquid hydration products into the 
aqueous phase, and these products then precipitate in a tubiform of CSH gel (Figure 8.1(<i)).
The hardened properties of the latex-modified cement system s
8.3.1 Compressive behaviour
The compressive strength of latex-modified mortars of normal consistency and at constant 
water-cement ratio generally decreases with the increase in polymer-cement ratio under both wet or 
dry curing conditions. Also the compressive stress-strain curves of the latex-modified mortar deviate 
earlier from linear elastic behaviour with a rise in polymer-cement ratio.
The compressive strength and modulus of elasticity of cement mortars with low water-cement ratio 
(e.g. superplasticized mortars) and hence a low degree of cement hydration and porosity are generally 
higher than plain mortar with a high degree of cement hydration and porosity [8.7]. Also, the 
improvement in the strength of superplasticized mortar over that of plain mortar can be explained in 
terms of the reduction in porosity. It follows that latex incorporation in mortar has a greater potential 
for increasing the strength of mortar than superplasticizer addition. This is because latex incorporation 
decreases the degree of cement hydration to a much greater extent than could be expected from the 
decrease in water-cement ratio (see Figures 7.1 and 7.2), but without a significant change in porosity. 
In other words, latex addition has the advantage of reducing the degree of cement hydration without 
increasing the volume of capillary pores.
In spite of the low degree of cement hydration and low volume of capillary pores in a latex-modified 
cement system, a general decrease in compressive strength is observed in comparison to both plain and 
superplasticized mortars. One of the important differences between latex-modified and plain (including 
superplasticized) cement systems is that on hydration the space originally occupied by water in a 
latex-modified cement system is filled with a swollen and strained polymer phase and with hydration 
products, while in an plain cement system only the hydration products replace the water phase. Thus 
replacing the hydration products by a soft and weak polymer phase is one of the main reasons for 
decreasing the compressive strength of latex-modified mortars in comparison to that of plain mortars.
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The early formation of the close-packed polymer particles and then the polymer film around the 
cement grains (see Figures 6.3 and 6.7) generally isolates the individual grain and reduces or prevents, 
depending upon the polymer-cement ratio, any bond or interaction between the adjacent cement grains. 
This polymer phase seems to provide an easy sliding plane between the cement particles (Figure 8.4).
8.3.2 Influence of the Interfacial bond
Earlier publications [8.2,8.6,8.8] have attached considerable importance to the role of the polymer 
in improving the bond between the paste and the aggregate phase, in an attempt to explain the 
compressive and tensile stress-strain behaviour of the latex-modified cement system. Figure 8.5 indicates 
how bond failure may initiate compressive failure [8.9]. The present investigation shows that the change 
in the properties of the cement system through latex incorporation are determined mainly by changes 
in the cement paste phase. There does not appear to be a substantial increase in the strength of the 
cement-aggregate interfacial bond. It has been shown by microscopic examination in Section 6.5.2 that 
the interfacial zone is nearly free of any polymer presence. If, on the assumption that the bond between 
the cement phase and aggregate is improved by means of polymer, this should be reflected in the 
compressive stress-strain behaviour of the latex-modified cement system by extending the linear region 
of the stress-strain curve and also the modulus of elasticity and ultimate compressive stress, in a similar 
manner to that in a polymer-impregnated cement system. In contrast, the work presented in this thesis 
and elsewhere [8.1] generally agree on the principle that latex addition to a cement system results in a 
decrease in the extent of the linear region of the compressive stress-strain curve and in the modulus of 
elasticity and ultimate strength.
The presence of the polymer phase with its very low strength and modulus, in comparison to the 
products of hydration it replaces, will result in earlier and more extensive cracking at the 
cement-aggregate interface under compressive load, because of the large differences in the load bearing 
capacity and modulus between the polymer phase and the cementitious phase. This cracking will then 
contribute to the decreased linearity of the compressive stress-strain curve (see Figure 5.15 to 5.19). 
The propagation of the crack formation in the matrix is restrained by the polymer phase, and the ductility 
in compression is increased.
Continuous polymer 
phase
S lid ing  p la n e
s o
Figure 8.4 : Formation of sliding plane of polymer film
between cem ent grains.
P oten tia l shear p lane
L ongitudinal shear, S  
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and shear ..v>
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du e to  tension'
B on d  in tact
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Figure 8.5 : Idealization of stresses around a single aggregate 
particle under uniaxial compression [9].
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The preceeding discussion does not mean that the bond between paste and aggregate does not alter 
with latex addition, as will be discussed shortly. However, the composition of the interfacial zone in a 
latex-modified cement system is similar to that in a plain cement system i.e. it consists of a duplex layer.
The calcium hydroxide (CH) part of the duplex layer in a latex-modified system at the interface is 
generally thin, non-continuous and sometimes missing entirely. The calcium silicate hydrate (CSH) 
layer maybe aligned normal to the aggregate surface and may have a "hair brush" morphology, deposited 
directly on the aggregate surface (see Figures 6.14 and 6.15). The deposition of a porous CSH layer 
directly on the aggregate surface can lead to a lower bond strength, because the porous material 
surrounding the aggregate will have a low shear bond strength and will be easier to separate from the 
aggregate surface. It should be recalled here that the CH part of the duplex layer, in high strength 
superplasticized mortar, was characterized by being continuous, strongly attached to the CSH gel part 
and of a considerable thickness (see Figure 6.13).
Although latex addition to a cement system seems, on one hand, to weaken the cement-aggregate 
bond by the near absence of the CH part of the duplex layer, it contributes, on the other hand, to the 
strength by preventing excessive formation of cement-aggregate interfacial cracks and matrix cracks at 
zero load. Indeed, due to drying shrinkage, bleeding, hydration temperature and volume changes during 
hydration, cracks at the cement-aggregate interface and in the matrix surrounding the aggregate have 
been observed (Sections 6.6.4 and 6.6.5) in plain and superplasticized paste and mortar, and confirmed 
by other investigators [8.10], even prior to the application of any external load. Latex incorporation in 
a cement system retards the main causes of microcracks by inhibiting the high degree of cement hydration 
and hence the hydration temperature and volume changes during hydration are likely to be reduced. 
In addition, it reduces the drying shrinkage of the cement system (see Figures 5.46,5.47,5.51 and 5.52). 
Due to the low elastic modulus of the polymer phase, any stresses induced by the hydration process and 
drying shrinkage will be absorbed by the polymer phase, which can be strained to relieve these stresses 
without cracking. In an plain cement system, the stresses induced by the hydration process and drying 
shrinkage are released by microcrack formation. Therefore, a latex-modified cement system is expected 
to perform much better in tension than in compression because the tensile properties are more sensitive 
to changes in internal microcracking.
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8.3.3 Xensjle-sicength
The improvement in the tensile properties of the mortar due to latex incorporation is greater than 
expected from conventional mix design. Incorporation of latex with a very high strain capacity in mortar 
adds ductility to the matrix so that there is higher strain capacity and higher toughness in the modified 
system.
It has been observed in plain and superplastidzed cement paste and mortar that the materials are 
very brittle and a tensile crack once formed propagates rapidly. Some improvement in the tensile 
strength of superplastidzed mortar over that of plain mortar would be expected due partly to the decrease 
in the porosity of the mortar. The tensile failure crack has been observed, in both plain and 
superplasticized cement paste and mortar, to follow very closely a large portion of the pre-existing 
shrinkage crack pattern at the cement-aggregate interface and in the matrix (Figure 8.6(a)). These 
shrinkage cracks, in superplasticized paste and mortar (i.e. high strength paste and mortar), are less 
extensive and smaller in width in comparison to those in plain cement paste and mortar (Sections 6.6.4 
and 6.6.5), because of the lower degree of cement hydration and lower water-cement ratio. In 
superplastidzed cement paste and mortar, the partially hydrated cement particles act like aggregate 
particles and prevent the potential fracture crack from advancing directly, by diverting it to an uncracked 
region, so the energy demand for crack propagation rises. This mechanism is less marked in plain 
cement paste and mortar because of the more extensive shrinkage cracks and higher degree of cement 
hydration. The work to fracture in superplastidzed cement mortar does not increase markedly, so there 
is little increase in strain capacity to failure compared to a plain mortar.
Essential ductility can be imposed on the cement system by incorporation of latex. The polymer 
phase in the latex-modified cement system is believed to have some effect on the stress at which the 
main tensile crack (which subsequently leads to failure) is formed and a marked effect upon its 
subsequent propagation. The benefit gained from latex addition to cement paste only is not greater 
than that in mortar, since the addition of latex does not improve the cement-aggregate bond strength 
significantly. The SEM studies showed that latex incorporation in cement paste and mortar restricts 
the formation of the shrinkage cracks, due to the low degree of cement hydration and low elastic modulus 
of the polymer phase (Figure 8.6(h)). The energy demand for the formation of the first main crack, 
because of the absence of the shrinkage cracks, will be increased. In addition, the further propagation
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of the main failure crack is effectively retarded and halted in such a way that propagation is by a sequence 
of crack jumping, as shown in Figure 8.7. The halted microcracks may terminate in polymer-rich areas 
such as around the partially hydrated cement particles. In addition, it has been observed that the polymer 
tends to bridge the tractions on the crack surface caused by the applied stress, which act as driving force 
for crack extension. Such a process leads to an increase in the energy demand for the crack propagation 
and enhanced' : toughness results in much the same way as fibre reinforcement [8.11/, as shown
in Figure 8.7. However, the crack propagation near the aggregate particles is very similar in plain and 
latex-modified mortar, and runs at the cement-aggregate interface.
8.3.4 Effect of polymer type
In view of the differences in polymer properties, it is uncertain to what extent the bulk properties 
of the polymer are reflected in the properties of the latex-modified cement system. The tensile properties 
for SBR(I), SBR(II) and acrylic polymer film, in terms of strain capacity and toughness, are, however, 
reflected in the compressive and tensile strain capacity and toughness of the latex-modified mortars, 
while for the strength of the polymer film this does not seem to be the case. Other factors, such as the 
dependence of the properties of the polymer film on the test temperature, also affect, to some extent, 
the properties of latex-modified mortar. The polymer film at 0°C, which is lower than the glass transition 
temperature (Tg), acts as a strong load bearing material in the mortar microstructure and results in an 
improvement in the compressive strength of the latex-modified mortar. At a temperature of 50°C, which 
is above the Tg value, the polymer film is soft, weak, easy to deform under load and acts in a similar 
way to pores in conventional cement system, resulting in a reduction in the compressive strength of the 
latex-modified mortar.
8.3.5 Effect of moisture condition
The final important factors influencing the behaviour of latex-modified mortar are the absorption 
properties, the sealing effect and the water conductivity of the polymer film. These will be discussed 
in terms of the effect of curing conditions on the latex-modified mortar properties. It is well known [8.1, 
8.2] that favourable curing conditions for a latex-modified cement system differ from those for a plain 
cement system, because the binder consists of two phases. The polymer is a hydrophilic material, but 
it can only attain its strength and adhesion by hardening under dry conditions. The hydraulic cement
P a rtia l ly  h y d ra te d  
c e m e n t  p a r t ic le s
D uplex  la y e r
M ain c r a c k
p o ly m e r  r ic h  
a r e a
C ra c k  ju m p in g
C o n tin u o u s  p o ly m e r  
p h a s e
Figure 8.7 : The crack-jumping phenomenon in latex-
modified cement system.
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phase develops its optimum strength under wet conditions. Latex-modified mortars cured in wet 
conditions undergo a large increase in the swelling strain (see Figures 5.48,5.49, 5.51 and 5.52), which 
also increases with an increase in polymer-cement ratio. It is likely that the increase in the swelling 
strain is mainly due to the swelling of the polymer phase. The swelling strain also generally increases 
with an increase in the absorption capacity of the polymer. The larger is the swelling of mortar, the 
lower is the compressive and tensile strengths of the latex-modified mortar. In plain mortar, swelling 
pressure acts against the cohesive force in the paste and force the gel particles apart [8.7] > while in 
latex-modified mortar the swelling acts against the adhesion between the polymer film and the cement 
grain and cause loosening of the polymer structure within the mortar microstructure [8.1]. This 
behaviour is clearly visible in the higher compressive and tensile strengths of mortar modified by 
SBR(I) latex, which has a relatively low polymer film absorption capacity, in comparison to mortar 
modified by acrylic latex, which has a high polymer film absorption capacity. It should be mentioned 
here that the swelling of the latex-modified mortar is generally not accompanied by a significant increase 
in weight gain, which indicates that the water for polymer swelling is mainly taken from the mixing water 
within the fresh mix.
Latex-modified mortar cured in dry conditions shows a decrease in drying shrinkage with an increase 
in polymer-cement ratio, because of the sealing effect of the polymer phase which restricts water 
evaporation from the polymer film and mortar microstrucutre, and in most mixes the shrinkage strain 
is lower than that of plain mortar. Optimum mechanical properties of the latex-modified mortars are 
developed under dry curing conditions because of loss of water from the mortar microstructure leads 
to a more continuous cohesive film. The polymer phase in the mortar has a sealing effect which increases 
with an increase in polymer-cement ratio. This feature is reflected in the reduced weight gain during 
swelling and reduced water loss accompanying the drying shrinkage process compared to plain mortar 
(except for the acrylic-modified mortar at water-cement ratio of 43% which showed an increase in water 
loss during drying shrinkage). The question which arises here is what is the advantage and disadvantage 
of the sealing effect?. The answer to this question lies in the properties of the latex polymer itself. The 
latex polymer film is hydrophilic but not water conductive i.e. shrinkage or swelling of the polymer film 
will only have a localized effect on the polymer phase. The disadvantage of this, in terms of the mechanical 
properties, is that the material will consist of two parts: (i) well dried and shrunken polymer phase and 
matrix on the surface of the mortar and (ii) a soft swollen polymer phase in the water-saturated core. 
This will influence the mechanical properties of the material, particularly for large specimen thicknesses.
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The soft core has been noticed in latex-modified mortar specimens with thickness in excess of 70mm 
which have been dry cured for 28 days, especially at polymer-cement ratios of 15% and 20%. The 
sealing effect has a considerable advantage, however, in improving the waterproofhess of the 
latex-modified mortar over plain mortar (Section 5.3.8). The localized swelling of the polymer film and 
its non-coductivity of water will prevent the further penetration of water and hence reduce the water 
absorption by blocking any pores.
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Chapter 9 
Conclusions and Recommendations For Further Work
The conclusions which follow apply to the three typical latices under test, but may not be true of all
latices used to modify mortar properties.
Sxl Properties of fresh mortar
(1) Latex addition to mortar has a plasticizing effect, similar to that of superplasticizer, and results 
in reduction of the water requirement by up to 50% for producing mortar of normal consistency. 
Generally, the water-cement ratio required for normal consistency mortar decreases with the 
increase in polymer-cement ratio, although there was little change for the acrylic-modified mortar 
above a polymer-cement ratio of 10%.
(2) With regard to setting time, the early formation of a close-packed polymer particles around the 
cement particles is one of the main reasons for inhibiting the cement hydration and delaying the 
initial and final setting of the mortar. Generally the setting time increaises with the increase in 
polymer-cement ratio for mortar of the same water-cement ratio. The setting time of mortar of 
normal consistency is offset by the low water-cement ratio in the latex-modified mix, but is still 
higher than that of plain mortar.
(3) Latex-modified mortar, due to the stabilizer (surfactant) present in the latex, generally entrains 
more air than a plain mortar of the same consistency. However, the greater fluidity of a 
latex-modified mortar of similar water-cement ratio to a plain mortar, facilitates the escape of 
air. Typically 1 to 4% of air is lost due to latex incorporation.
(4) Latex addition to mortar of the same water-cement ratio generally results in a decrease in fresh 
density. The fresh density reduces as the polymer-cement ratio increases. The density of mortars 
of normal consistency is influenced by the amount of air entrained, as well as by the 
polymer-cement ratio.
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JL2 Properties of hardened mortars 
9-2.1 Density
Latex incorporation in mortar has been found to lower the degree of cement hydration as the 
polymer-cement ratio increases. Consequently, the dry and saturated bulk densities are higher than 
that of plain mortar, and for latex-modified mortar of the same water-cement ratio, the densities increase 
slightly with increasing polymer-cement ratio. An increase in dry and saturated bulk density of up 
to 11% was measured.
9-2.2 Compressive behaviour
(1) Latex addition to mortar imposes some of its own properties such as low strength, low modulus 
of elasticity and high strain capacity at failure on the compressive properties of the mortar. 
Consequently, the compressive stress-strain curves of the latex-modified mortar deviate from 
linear elastic behaviour at lower stresses as the polymer-cement ratio increases. This deviation 
is accompanied by a decrease in ultimate compressive strength, a decrease in modulus of elasticity 
and a general increase in the strain capacity at failure, the effects increasing with an increase in 
polymer-cement ratio. The compressive properties are further influenced by the decrease in 
cement hydration with the increase in polymer-cement ratio.
(2) Latex-modified mortar cured in dry conditions shows some improvement in ultimate compressive 
strength and strain capacity at failure over that cured in humid conditions, but the ultimate 
compressive strength is still generally lower than that of plain mortar.
(3) The low water-cement ratio achievable due to the latex addition to mortar usually results is some 
improvement in the ultimate compressive strength and modulus of elasticity over that of 
latex-modified mortar at higher water-cement ratios. In contrast to superplasticized mortar, 
however, the ultimate compressive strength and modulus is still lower than that of plain mortar.
(4) The stress-strain behaviour of the latex-modified mortars is influenced by the test temperature, 
because of the temperature dependence of the polymer phase. At a temperature of 0°C, the 
ultimate compressive stress, and sometimes modulus of elasticity and strain capacity at failure, 
generally increases in comparison to that at room temperature, because the polymer phase at this
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temperature is nearly frozen and fully load bearing. At a temperature of 50°C, the ultimate 
compressive strength and strain capacity at failure of the latex-modified mortar generally increase, 
whereas the modulus of elasticity decreases in comparison to that at room temperature. This is 
due to the fact that the polymer phase at 50°C is soft, weak and can deform very easily under load 
and its effect on the modulus of elasticity of the latex-modified mortar can be assumed to be 
similar to that of capillary pores in ordinary mortar.
9.2.3 Tensile behaviour
(1) One of the most important effects on latex addition to mortar is the increase in tensile strength 
and strain capacity which can result. Increases of 200% are possible.
(2) Latex-modified mortar cured in dry conditions has a higher ultimate tensile strength and strain 
capacity than that cured in humid conditions, in contrast to that of plain and superplastidzed 
mortars. The modulus of elastidty in tension, on the other hand, decreases with an increase in 
polymer-cement ratio.
(3) The improvement in the tensile stress-strain behaviour of mortar due to the latex addition is 
assodated with a reduction in shrinkage microcracking in the modified mortar. However, this 
general improvement in the tensile performance can be offset mainly by the presence of moisture, 
or more specifically by the hydrophilic characteristic of the polymer film. Incorporation of a latex 
with a high film absorption (such as acrylic) results in a lowering of the bond between the cement 
grains and the polymer film in the mortar microstructure and causes swelling of the mortar. This 
in turn results in a reduction in the ultimate tensile strength and strain capacity at failure.
9-2.4 Drying shrinkage and swelling strains
(1) Two types of drying shrinkage have been observed. For SBR(I) and SBR(II) latex-modified 
mortar, the drying shrinkage is slightly affected by the polymer-cement ratio and in most cases is 
lower (by about 38%) than that of plain mortar. The water loss which accompanies the shrinkage 
follows almost the same trend as the shrinkage strain
-304-
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Acrylic-modified mortar at the early stage of drying undergoes swelling which reaches a maximum value 
at the age of 7 days. This is followed by a period of normal drying shrinkage. The drying shrinkage 
at the age of 2 months is lower than that of plain mortar and decreases with the increase in 
polymer-cement ratio.
(2) The swelling strain of latex-modified mortar is higher than that of plain mortar (by at least 100%)
and increases with the polymer-cement ratio. Acrylic-modified mortar of the same water-cement 
ratio has a higher swelling strain than that of SBR(I) and SBR(II) latex-modified mortars. The 
water gain accompanying the swelling of latex-modified mortar is generally lower than that of 
plain mortar. The water absorbed by the polymer film is mainly taken from the mixing water.
9.2.5 Water absorption
(1) Latex incorporation in mortar improves the waterproofing of mortar substantially and the capillary
absorption generally decreases with the increase in polymer-cement ratio. Weight gains due to 
water absorption after 8 hours contact with water are less than 50% of those of plain mortar. The 
polymer film is not water conductive and when the polymer phase in the mortar microstructure 
is in contact with water, it undergoes swelling and blocks the capillary channels in the mortar.
9.3 Microstructure of latex-modified cement systems
(1) The microstructure of a hardened latex-modified cement system is different to that of an ordinary 
(including superplasticized) cement system. In addition to the products of hydration and capillary 
pores, which are constituents of the ordinary cement system, the individual cement grains are 
enveloped by a polymer film, which is forced together due to the hydration process to form a 
continuous polymer phase. This polymer film increases in continuity with an increase in 
polymer-cement ratio, and tends to prevent interaction between the hydration products of adjacent 
cement grains. At a polymer-cement ratio of 20% the interaction is almost completely prevented.
(2) The cement-aggregate interfacial zone in a latex-modified mortar, as in plain mortar, consists of 
a duplex layer i.e. a calcium hydroxide (CH) layer followed by a calcium silicate hydrate (CSH) 
layer. Some direct contact between the aggregate surface and the polymer phase is detected, but 
generally the duplex layer prevents direct contact of the continuous polymer film.
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(3) The replacement of Portland cement by PFA filler is not possible, and the presence of cement 
hydration is vital for the formation of a continuous polymer film. The calcium ion discharge, due 
to the contact of cement particles with water, destabilizes and breaks down the stabilizer system 
of the polymer particles allowing coalescence which is helped by the increase in volume of the 
cement grains.
(4) The line of fracture in ordinary and high strength (superplasticized) cement pastes and mortars 
follows closely a large part of the pre-existing shrinkage crack pattern, which is characterized by 
being repeatedly branched, sometimes continuous and extending far into the specimen. 
Latex-modified cement pastes and mortars are nearly free of shrinkage cracks, and the line of 
fracture cuts its way through the specimen by a sequence of crack jumping, due to the retarding 
action of the main crack by the polymer phase. Also the presence of a larger amount of hard, 
unhydrated cement particles tends to increase the crack tortuosity and impede its development.
QA Hydration of cement
The rate and degree of hydration of cement in a latex-modified cement paste decreases with the 
increase in polymer-cement ratio. Latex type can have an effect on the early stage of cement hydration 
e.g. acrylic latex has more of a retarding effect.
The final degree of cement hydration at the age of 65 days for pastes of the same water-cement 
ratio (43%) cured continuously in the ideal sealed conditions is directly related to the polymer-cement 
ratio. The non-evaporable water content has a maximum possible value of about 21% of weight of 
cement for plain mortar. Values of 16% and 8% were measured for latex-modified cement paste with 
polymer-cement ratio of 10% and 20% respectively, regardless of the polymer type.
Lowering the water-cement ratio in latex-modified cement paste to below 43% will further lower 
the degree of cement hydration, as with plain cement paste.
9.5. Recommendations for further work
Some areas requiring further work were discussed at conferences held at the Universities of 
Oxford [9.1] and Surrey [9.2] where some of the work reported in this thesis was presented. Four 
specific points of particular importance requiring further investigation are:
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(1) Further work is needed to assess the influence of the constituents of a latex formulation 
(e.g. styrene-butadiene ratios and surfactant type and content) on modified paste and mortar 
properties. This would require the supply by latex manufactures of well-characterised, specially 
formulated latex compositions so that any differences in performance of mortars could be more 
clearly related to latex composition.
(2) SEM observation of "wet" specimens so that drying effects of specimen preparation are avoided. 
This could also lead to a more accurate estimation of the thickness of the transition zone between 
the aggregate surface and the polymer structure.
(3) Further development of the SEM tensile rig is needed so that accurate monitoring and 
measurement of crack propagation, and the associated stress-strain curve, of cement systems can 
be obtained in both tension and compression. This development may reveal further details of 
the significance of crack development in ordinary and latex-modified cement systems.
(4) Investigate in more detail the early age behaviour (i.e. up to 24 hours), including the effect of 
calcium ions discharge from the cement hydration, on the process of destabilization and 
coalescence of the polymer particles.
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Appendix A 
Chemical Composition of Cement
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Chemical and physical data: Ordinary typical Portland cement batch 115. 
(source: Blue Circle Technical Research Division)
Si02 20.0
I.R. 0.53
AI2O3 5.1
Fe203 3.7
Mn203 0.08
P2O5 0.08
Ti02 0.24
CaO 64.6
MgO 1.3
SO3 2.9
L.O.I. 0.7
k2o 0.80
Na20 0.10
100.13
Free CaO 1.8% Specific surface area (m /^kg)
L.S.F. 97% Apparent particle density (kg/m3)
S/A + F 2.3 Le Chatelier expansion (mm)
A/F 1.4
373
3170
nil
Appendix B
Temperature Effect on Compressive Strength of Mortars
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Appendix C
Flexural Strength of Mortars
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Appendix D
Capillary Absorption of Mortars
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(a) Mortars cured in  humid condition.
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(b) Mortars cured in  dry condition.
F ig u re  D .l : Capillary absorption as a fu n c tio n  of tim es for acry lic-m odified
m o rtars  of no rm al consistency, (a) M ortars cu red  in  h um id
condition, (b) M ortars cu red  in  dry condition.
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Figure D.2 : Capillary absorption as a fu n c tio n  of tim es for acrylic—m odified
m o rta rs  of the  sam e W/C ra tio , (a) M ortars cu red  in  h um id
condition, (b) M ortars cu red  in  dry condition.
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Figure D.3 : Capillary absorption as a function of times for SBR(n)-modified
m o rtars  of norm al consistency, (a) M ortars cu red  in  hum id
condition, (b) M ortars cu red  in  dry condition.
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